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A multitude of biophysical signals, including chemical, mechanical, and contact 

guidance cues, are embedded within the extracellular matrix (ECM) to dictate cell 

behavior and determine cell fate. To understand the complexity of the cell-matrix 

interaction and how changes to the ECM contribute to the development of tissues or 

diseases, three-dimensional (3D), culture systems that can decouple the effects of these 

cues on cell behavior are required. This dissertation describes the development and 

characterization of approaches based on multiphoton excitation (MPE) to control the 

chemical, mechanical, and topographical presentation of micro-3D-printed (μ-3DP) 

protein hydrogels independently. Protein hydrogels were chemically functionalized via 

the MPE-induced conjugation of benzophenone-biotin without altering the physical 

properties of the matrix. Complex, immobilized patterns and chemical gradients were 

generated within protein hydrogels with a high degree of spatial resolution in all axes. 

Hydrogel surfaces were also labeled with adhesive moieties to promote localized 

Schwann cell adhesion and polarization. Laser shrinking, a method based on MPE to 

manipulate the topographical and mechanical presentation of protein hydrogels after 

fabrication, is also presented. Topographical features on an originally flat substrate are 

created with depths approaching 6 μm. The Young’s modulus of protein hydrogels can 
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also be increased by 6-fold (~15 – ~90 kPa) using laser shrinking, and parameters can be 

adjusted to create continuous gradient profiles for studying durotaxis. At determined scan 

conditions, the two properties can be adjusted independently of each other. Most 

importantly, the physical properties of the hydrogels can be manipulated in situ to study 

the effects of dynamic changes to the substrates on cells. As a potential tool to monitor 

cellular responses to presented cues, fluorescent probes that detect nitric oxide are 

characterized. Collectively, these technologies represent a key advance in hydrogel 

tunability, as the platforms presented offer independent, dynamic, and spatiotemporal 

control of the chemical, mechanical, and topographical features of protein hydrogels. The 

introduced technologies expand the possibilities of protein hydrogels to clarify 

underlying factors of cell-matrix interactions that drive morphogenesis and pathogenesis, 

and are broadly applicable to a multitude of physiological systems.  
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Chapter 1:  Biomimetic Cell Culture Platforms 

1.1 BIOMATERIALS: A TRANSLATIONAL CHALLENGE  

Cell culture was revolutionized in the early 1900’s when Ross Harrison, Alexis 

Carrel, and Montrose Burrows introduced techniques to maintain living cells outside of 

the body [1, 2]. Since that time, the study of cells in vitro has led to the discovery of 

many biologically relevant mechanisms cells use to communicate with their surrounding 

environment. These experimental methods are the foundation that led to numerous 

discoveries to control cell phenomena such as morphology, gene expression, adhesion, 

and migration. However, as demonstrated by repeated failures to translate in vitro success 

to in vivo applications, two primary challenges continue to impede the progress of tissue 

engineering: 1) the two-dimensional nature of traditional cell-culture techniques is not 

representative of the native environment [3]; and 2) fact that current manufacturing 

methods lead to a coupling of many material properties, which prevents the evaluation of 

cellular responses to isolated signals [4]. 

Technologies such as photolithography, microfluidics, hydrogels, and three-

dimensional (3D) printing have highlighted the importance of dimensionality in cell 

culture, and are driving the desire for more representative culture conditions [5]. A long 

list of material properties, such as chemical composition, topography, mechanical stimuli, 

and electrical conductivity have been studied to evaluate their roles in physiological 

systems. As our knowledge of what drives cellular outcomes continues to evolve, the 

ability to alter specific properties selectively is paramount to defining accurate cell-

substrate interactions.  

My research focuses on designing 3D platforms to engineer and manipulate 

culture systems in order to develop an understanding of the cell-matrix interaction. This 
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dissertation introduces novel approaches that seek to tune the chemical, mechanical, and 

topographical properties of protein hydrogels independently, and application of these 

techniques to influence fundamental cell behaviors such as adhesion and polarization. 

Understanding how cells function in dynamic environments also requires inventive 

methods to quantify chemical responses that accompany morphological and physiological 

changes. Toward this end, we have worked in concert with Eric Anslyn’s Lab at the 

University of Texas at Austin, who develop fluorescent, nitric oxide (NO) probes, to 

evaluate the efficacy of NO sensing within and surrounding cultured cells. Ultimately, the 

use of probes for detecting various extracellular chemicals could be facilitated by 

conjugating such sensing molecules to 3D cell-culture scaffolds. 

1.2 ENVIRONMENTAL SIGNALS TO DIRECT CELLULAR RESPONSES 

The extracellular matrix (ECM) is a complex, 3D arrangement of chemical, 

mechanical, topographical, and electrical signals that dictate cell form and function. The 

composition and physical properties of the ECM are highly specific to the physiological 

system, and within individual tissues, subcellular heterogeneity exists in the combination 

and orientation of ECM components [6]. In an effort to encourage tissue regeneration, 

researchers across a number of fields have worked to recreate ECMs that mimic the 

native or developmental environment. Appropriate structural, chemical, and mechanical 

inputs are required to emulate the ECM; however, the complex, multidimensional, and 

dynamic environment is itself, difficult to characterize. Despite these challenges, the 

work conducted in this area of research has significantly contributed to the understanding 

of the cell-matrix interaction [7]. As a result, specific cellular responses to various matrix 

parameters, including chemical and biophysical cues, have been identified. A brief 
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review on how these inputs are integrated by cells and the types of responses they elicit is 

provided, focusing on the nervous system whenever appropriate. 

1.2.1 Chemical Signaling 

Cells have numerous recognition paradigms to respond to chemical signals in the 

extracellular environment [8-10]. For example, ECM proteins and growth factors bind to 

integrins and other receptors located on the cell membrane, activating various 

intracellular signaling pathways [11]. In addition to the extracellular composition, cells 

produce and secrete trophic factors, such as neurotransmitters or growth factors, to 

communicate with and support nearby cells [12]. Signaling molecules are known to 

influence a multitude of cell functions including adhesion, motility, differentiation, 

homeostasis, and cell death [13, 14]. For example, Schwann cells (SCs), the primary glial 

cells of the peripheral nervous system, secrete numerous growth factors and basement 

membrane proteins such as laminin, to support neurons and promote axogenesis during 

development and nerve repair [15-18]. More details regarding intracellular signaling 

pathways are beyond the scope of this document. 

While certain chemical cues generate a common response across numerous cell 

phenotypes, many others elicit highly specific behaviors. Differential effects are 

attributed to variability in intracellular signaling cascades and receptor expression on the 

cell membrane [19-22]. For example, chondroitin sulfate proteoglycans (CSPGs), major 

components in glial scar tissue, recruit and activate macrophages but signal axons to 

degenerate [23, 24]. Furthermore, simultaneous exposure to more than one biomolecular 

species may be required to control cell organization and/or differentiation. Typically, 

combinations of growth factors and inducers are used to direct differentiation of 

pluripotent stem cells down specific lineages [25, 26]. Differential responses of cells to 
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various cues can offer opportunities for designing cell- or function-specific tissue 

scaffolds.  

In addition to the type of signal presented, signal concentration also molds the 

cellular response. For instance, mesenchymal stem cells (MSCs) cultured with a higher 

concentration of fibroblast growth factor preferentially undergo neuronal differentiation 

as opposed to differentiation to other possible lineages [27, 28]. Kosaka et al. also 

increased the likelihood of neuronal differentiation of neural progenitor cells (NPCs) 

approximately three-fold over concentrations of fibroblast growth factor 4 (FGF-4) 

ranging from 0 – 5 ng/mL [29]. At a concentration of FGF-4 equal to 20 ng/mL, neuronal 

differentiation was reduced by 20% relative to 5 ng/mL. Another example highlighting 

the effect of cue concentration involves cell motility, where maximum velocities of 

smooth muscle cells are observed at intermediate ligand densities of collagen and 

fibronectin [30]. Similar biphasic distributions with respect to concentration have been 

reported for promoting axonal migration using nerve growth factor (NGF) gradients [31]. 

Since tissues and their component cells perform highly distinct functions, ECM 

composition is highly variable between physiological systems. For example, collagen is 

absent from the central nervous system, yet it makes up ~30% of the ECM elsewhere in 

the body [32]. To study effects of ECM composition on SC behavior, Suri and colleagues 

encapsulated SCs in hydrogels with an interpenetrating network of hyaluronic acid, 

collagen, and laminin, a primary ECM component of the peripheral nervous system. In 

the gels that contained laminin, the expression of S100 protein, a marker for SCs, and 

NGF secretion were significantly higher than for cells in laminin-free gels [33]. Deister et 

al. were also able to enhance neurite outgrowth from dorsal root ganglia (DRGs) simply 

by adjusting the composition of ECM proteins in hydrogels [34]. These studies highlight 
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the importance of developing scaffolds that reproduce certain aspects of native ECM 

composition in promoting appropriate tissue functions.  

Additional biomolecules, beyond those contained within the ECM, can be 

presented to cells as soluble or bound cues to modify cell behavior in culture. For 

example, soluble cues can be dissolved within culture media in support of cell-culture 

maintenance. Gradients of soluble factors can also be generated using a combination of 

diffusion-based approaches and microfluidic devices [35-38]. Soluble gradients of 

permissive or inhibitory cues have been used to promote cell alignment and migration, a 

response referred to as chemotaxis. Seminal examples of chemotaxis demonstrated 

preferential migration and increased elongation of axons towards higher concentrations of 

NGF [39, 40]. Unlike soluble cues, bound cues are fixed to the substrate using 

bioconjugation chemistry or non-covalent adsorption. Bound cues are preferred for many 

tissue engineering applications where localized and sustained signaling is desired. In 

addition, the activity of many soluble cues is preserved when bound to a substrate [41-

43]. For example, gradients of immobilized NGF are effective for directing neurite 

extension, a phenomenon known as haptotaxis, albeit at different concentrations than 

soluble NGF [31, 44]. Since cells cannot internalize bound cues, downstream signaling 

cascades associated with NGF internalization that promote additional neuronal outgrowth 

are limited; therefore, a nearly three-fold increase in the gradient slope is required for 

bound NGF to be effective [45, 46]. Ultimately the selected signal, its concentration, and 

its presentation have distinct impacts on the cellular response.  

These examples highlight the importance of controlling the orientation and 

localized concentration of chemical cues within biomaterials to direct cell behavior. In 

Chapter 2, a platform to immobilize arbitrary, sub-cellular, 3D patterns of immobilized 

chemical cues on protein hydrogels is described. Protein hydrogels have previously been 
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investigated for biocompatibility, and their ability to serve as contact cues in tissue 

scaffolds was demonstrated [47-50]. Additional value of the immobilization technique is 

displayed by functionalizing protein hydrogels with adhesive peptides to improve cell 

adhesion and to promote cell patterning. 

1.2.2 Mechanical Properties 

Mechanical properties of the ECM are known to impact cell motility and direct 

stem cell differentiation through a process called mechanotransduction. 

Mechanotransduction refers to the transmission of tensile forces between cellular focal 

adhesion complexes and substrate binding motifs to intracellular signaling pathways. 

Cellular focal adhesions are dynamic protein complexes that link integrins with 

cytoskeletal filaments, including actin. As an external (or internal) force is applied to a 

cell, conformational changes to the focal adhesion complex impede its dissociation. The 

magnitude of the applied force depends on both the strength of the adhesion and the 

stiffness of the material, which ultimately dictates the stability of the focal adhesion 

complex. Application of force not only maintains the strong link between integrins and 

actin filaments, but also allows for the formation of more focal adhesion complexes that 

effectively fortify the interaction. Numerous proteins, including vinculin, phosphorylated 

focal adhesion kinase, Rho, Rac, and talin have been associated with the formation and 

subsequent signaling cascades of these complexes [51-53]. Most importantly, 

mechanotransduction must be viewed as an integration of both chemical and mechanical 

stimuli. Engineering approaches that can decouple the effects of these cues have the 

potential to improve understanding of cell-matrix interactions. 

A commonly studied mechanical property of materials for cell applications is 

elastic modulus, and more specifically the Young’s modulus or stiffness. Young’s 
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modulus represents the ability of a material to reversibly deform under axial strain, often 

expressed in units of pascals (Pa) [1 kg/(m s2)]. The modulus of tissues within the body 

range from as low as one hundred Pa in neural tissue [54], to kilopascals (kPa) in muscle 

fibers [55] and tendons [56], megapascals (MPa) for cartilage[57], and as high as 

gigapascals (GPa) for bones [58]. These innate differences highlight the importance of 

stiffness on form and function, and ultimately provide valuable clues to designing 

materials for targeted tissue regeneration.  

The ability of cells to detect and respond to the mechanical properties of the 

surrounding matrix was first reported in 1997 by Pelham and Wang [59]. In this 

pioneering study, fibroblasts were cultured on polyacrylamide gels with a range of 

moduli and similar chemical presentation. Fibroblast motility, defined as migration 

speed, was significantly reduced from 0.55 to 0.1 μm/min as substrate stiffness increased 

from 15 to ~70 Pa. Lo et al. expanded on this work by creating gels with adjacent 

sections of low and high modulus, 14 and 30 kPa respectively. These studies revealed a 

directional bias of fibroblasts to preferentially localize on stiffer regions, a phenomena 

known as durotaxis [60]. A similar study by Gray also revealed a strong bias of 

fibroblasts to adhere and grow on stiffer substrates [61]. In contrast, neurite extension 

from DRGs was reduced in agarose hydrogels as gel stiffness increased from 2 to 140 Pa 

[62]. 

Engler and colleagues were the first to control stem cell fate using mechanical 

properties [63]. They cultured MSCs on polyacrylamide gels developed by Wang et al. 

with moduli of <1, 10, and 40 kPa. Significant differences in cell expression were 

observed after 7 days in culture. As Young’s modulus was increased, cell fate displayed 

preferences first for neuronal, then myogenic, and finally osteogenic lineages. In 

addition, partially differentiated cells, such as neural progenitor cell (NPCs), can be 
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further directed to more specific phenotypes using substrate modulus. Numerous studies 

show neuronal selection is favored over glial phenotypes on softer substrates (<1 kPa) 

[64-67]. Collectively, these discoveries highlight the importance of modulus for directing 

cell fate, and have transformed how scientists approach scaffold design for tissue 

regeneration. 

 Matrix elasticity is an important property of the ECM, and its contribution to 

directed cell migration and differentiation is vital during embryonic development [7]. 

Changes in mechanical properties of the ECM are known to occur during aging, and the 

causal influence of these changes in numerous diseases, such as cancer, are currently 

under investigation [68-70]. Although a great deal of information has been discovered 

regarding cellular responses to mechanical stimuli, many details involving downstream 

signaling, temporal feedback, and dynamic responses remain unclear. In Chapter 3, a 

photolithographic approach to stiffen 3D protein matrices with sub-cellular resolution is 

presented. Moreover, matrix stiffening can be conducted in situ without damaging cells, 

and on short time scales (~60 s). The innovative platform presented in this dissertation 

provides a means to evaluate some of the unanswered questions regarding durotaxis and 

cellular responses to dynamic changes in modulus. 

1.2.3 Topographical Cues 

In addition to the bulk chemical and mechanical properties, the ECM is filled with 

nanometer-to-micron-scale landscapes of ridges, pores, and fibers created by biopolymers 

and the presence of various cell types that can influence cell-matrix interactions. 

Influences of topography have been directly observed during development, where radial 

glial cell features guide outgrowth and alignment of axons [71]. Biomaterials have been 

created to explore effects of topography on cell adhesion, polarization, migration, and 
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differentiation. The roles of feature sizes, surface roughness, and porosity have been 

studied since the discovery of contact guidance in the mid-20th century [72, 73]. 

However, many questions remain regarding the mechanisms involved in the cellular 

response to topography [74]. 

Cellular behaviors caused or modified by numerous topographic features, 

including pillars, grids, and holes, have been studied in detail. In most cases, however, 

the most effective and widely implemented topographies are variants of fibrillar or 

grooved substrates. Linear features such as these promote alignment of cytoskeletal 

filaments, and can be used to control cell morphology and migration persistence. 

Hoffman-Kim’s Lab has extensively studied the alignment and migration of SCs, and 

have established that bi-directional migration of SCs in vitro can be promoted by 

imparting culture surfaces with ridges and grooves [75]. Axons also respond to the 

underlying topography of culture surfaces, and have been shown to orient on features as 

small as a few hundred nanometers [76]. Parameters including groove width, groove 

depth, and pitch are important aspects of topographical control [77, 78]. For SCs 

specifically, groove width has a more dominant effect on orientation than depth, but this 

is not true for all cell types [79].  

Fibers are also of particular interests because they are more representative of 

native ECM than flat, grooved substrates. Fiber orientation can be controlled using 

electrospinning, magnetic fields, and micropatterning techniques; all approaches are 

viable for large, 3D scaffold development. Aligned fibers of fibronectin and collagen 

have been used to promote SC alignment and persistent migration in vitro [80, 81]. In 

addition, aligned collagen scaffolds are currently the best biomaterial-based treatment 

option for nerve regeneration scaffolds, although they have yet to unseat autologous 

grafts as preferred materials in treatment of damaged peripheral nerves [82]. Optimal 
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feature dimensions for topographically based approaches strongly depend on cellular 

phenotype and the desired response [83]. 

The rate-limiting step of many engineered regeneration platforms is cell 

infiltration into biomaterial scaffolds. Absent other cues, gel porosity can have a major 

influence on cell migration and proliferation. For osteoblasts, pore sizes greater than 

~300 μm were shown to be much more supportive of cellular infiltration and proliferation 

of osteoblasts than were smaller pores [84]. The Rau Group devised a way to tune the 

porosity of collagen scaffolds without imposing discernible changes on the chemical 

properties using a novel freeze-drying method [85, 86]. SC infiltration was significantly 

enhanced after 14 days in gels that contained 20-50 μm pores over gels with smaller and 

larger average pore sizes [87]. These results are supported by studies conducted on 

grooved substrates as well that show maximum SC migration and neurite extension on 

substrates containing feature widths between 20 - 30 μm [78, 88].  

Successful efforts to promote unidirectional migration to increase persistence and 

ultimately, migration speed have been based on presentation of asymmetric topographies. 

One design employed microposts of variable aspect ratios to increase directional 

migration [89]. Fibroblasts moved toward higher aspect ratio features 80% of the time, 

and total cell displacement was biased by ~54 μm over uniform control features. 

Mahmud and colleagues were able to achieve up to a 68% migration bias in a single 

direction in response to triangular ratchets [90]. The effectiveness of this approach 

strongly depended on feature sizes and adsorbed surface coatings, and it also required the 

presence of non-adhesive domains. Nonetheless, asymmetric topographies provide 

promise for increasing cell infiltration in 3D scaffolds. 

At present, knowledge regarding the role of topography on stem cell 

differentiation is limited. It is believed that morphology, cytoskeletal arrangement, and 
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nuclear confinement can all affect gene expression through a variety of intracellular 

signaling pathways that are independent of other sensing pathways. For example, 

embryonic stem cells and MSCs have been shown to express neuronal markers when 

cultured on nano-grooved polydimethylsiloxane (PDMS) substrates, but not on 

identically stiff but flat PDMS [91, 92]. In a study by Charest et al., myoblast 

differentiation was not sensitive to underlying topographies [93]; however, a more recent 

result revealed a slight increase in myogenic expression on patterned relative to smooth 

substrates [94]. Guvendiren et al. imprinted hydrogels with surface wrinkles to tune the 

ratio of MSCs expressing osteoblasts or adipoblasts markers after 7 days in culture [95]. 

Topographical effects on differentiation and gene expression also have been observed for 

neural stem cell lines [96, 97]. Collectively, these results suggest a potentially substantive 

role for topography during embryogenesis. Further evaluation is needed to determine 

detailed effects of topographical architectures and dimensions on cell differentiation 

before implementation in regenerative scaffolds is practical.  

Topography, similar to mechanical and chemical cues, also can be used to control 

a number of vastly different cellular behaviors. As in vitro studies move toward 3D 

environments, the need for better spatial control of microscale topography has never been 

more essential. The Shear Lab previously established a micro-3D-printing method based 

on multiphoton lithography (MPL) to ‘direct write’ protein features within hydrogels [48, 

98]. The resultant protein structures can act as ‘contact guidance’ cues, and they can be 

fabricated to contain subcellular topographical features that promote cellular behaviors. 

In Chapter 3, a method to modify the topography of protein architectures post-

fabrication using site-specific, laser-induced shrinking is presented. Topographical 

changes can be created in situ without altering the apparent substrate moduli. This 
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technique promises to be a powerful approach for investigating cellular responses to rapid 

and dynamic changes to the underlying substrate. 

1.2.4 Additional Cues 

Other strategies to direct cell behavior include electrical cues, geometrical 

limitations, and degradative capacity, among others. Electrical currents play a key role in 

wound healing, and are known to promote cell migration toward the cathode for most, but 

not all, cell types [99]. Schmidt et al. encouraged axon extension, nearly doubling the 

average neurite length, using electrical stimulation [100]. Geometrical cues are 

chemically restrictive, sub-cellular patterns of adhesive ligands presented in the absence 

of other cues such as topography. This patterning approach has been used to control cell 

morphology, multi-cellular organization, and axon extension [101-104]. Matrix 

reorganization is a term used to describe dynamic changes that occur as cells interact with 

the surrounding environment. One way a cell moves through the ECM is by secreting 

proteases to degrade the material, effectively facilitating translocation. Raeber and Lee 

independently developed methods to chemically modify PEG gels with protease-sensitive 

linkers, resulting in a significant increase in cell infiltration, proliferation, and survival 

relative to control gels [105, 106]. These approaches are indeed unique, and could also be 

revolutionary to the field of tissue engineering. 

1.2.5 Combined Effects of Cues 

Presenting multiple types of cues within a single in vitro environment is more 

representative of the native ECM than single cue platforms, and could also be a key step 

toward developing smarter, more responsive, and more effective tissue scaffolds. A 

number of researchers in this area combine stimuli within a single category, such as 

multiple chemical cues, and/or incorporate cues from different categories to prompt a 
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response. The cue combinations can be stimulatory and/or inhibitory of various cellular 

pathways, and can be arranged in ways that are either competitive or cooperative. In 

many cases, presentation of multiple cues cannot be dissociated due to limitations 

associated with their instantiation (e.g. increasing the crosslinking density of collagen 

hydrogels also increases the concentration of adhesive domains and modulus). However, 

major advancements in microfluidics, chemistry, and soft lithography have made the 

design of multi-cue environments less challenging, leading to extraordinary progress in 

this area of research. 

Multiple chemical factors are commonly used to promote differentiation and 

maintain cell cultures. The effects of combining chemical cues depend on how each 

signal is transduced, and whether independent or overlapping pathways are involved. 

Overstimulation of a single receptor by multiple factors may cause desensitization, and 

could lead to an unanticipated outcome [107]. For instance, directed axonal guidance was 

achieved when soluble gradients of NGF and neurotrophic factor-3 were presented 

simultaneously, but combinations of NGF and brain derived neurotrophic factor (BDNF), 

another chemoattractant, did not yield the same result [108]. Additionally, opposing 

gradients of immobilized laminin, a chemoattractant, and CSPG, a chemorepellant, have 

been used to enhance directed axon extension from DRGs [109]. Simultaneous 

presentation of haptotactic and chemotactic neurotrophic factors can act via cooperative 

mechanisms as well to reduce the concentrations needed of each species to have an 

effect. Moore et al. revealed that a smaller gradient of NGF provided more directed 

outgrowth of DRG axons when a soluble neurotrophic factor-3 gradient was present than 

in its absence [110]. Similar responses of growth cones to combined haptotactic and 

chemotactic gradients of laminin and BDNF, respectively, were also observed [111]. 
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Gomez et al. studied the effects of immobilized NGF and topography on axon 

polarization and length [112]. No change in polarization was detected when the cues were 

combined, however, a 25% increase in axon length was observed. The researchers also 

positioned the cues in a competitive manner, revealing a dominant effect of topography 

over chemical patterns in neurite outgrowth [113]. This suggests that the mechanism for 

axonal polarization is controlled primarily by topographical cues, whereas axon length is 

more responsive to chemical factors. Similarly, fiber alignment overpowered the effect of 

chemical cues in neurite outgrowth and endothelial cell migration [114, 115]. 

Stiffness and topography can play a major role in differentiation, and also 

determine cell fate. Significant combinatory effects on cell polarity, proliferation, and 

MSC gene expression were discovered when these cues were presented simultaneously 

[116, 117]. Distinctions between the effect of similar topographies on relatively soft and 

hard substrates for SC precursors were less encouraging; however, the material stiffness 

of the soft substrate (1.7 MPa) was orders of magnitude higher than native glial cell 

tissues [118]. Microposts arrays were generated as an alternative means to combine these 

two cues, revealing enhanced polarization and alignment of endothelial cells on softer 

substrates [119]. These results were also obtained on semi-hard PDMS (~MPa) and 

extremely hard silica (~GPa). When mechanical and chemical gradients were generated 

in opposite or parallel directions, fibroblasts always migrated toward the higher 

concentration of collagen regardless of modulus. This result suggests that chemotaxis is 

superior to durotaxis for directing fibroblast migration [120]. 

Understanding the interplay of cellular cues in multi-cue environments is an 

important step toward developing better platforms for tissue regeneration. Despite the 

significant progress that has been made, many technological challenges persist. Methods 

to independently modify single cues within 3D scaffolds remain beyond current 
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capabilities, yet are necessary to truly discern the complexities of the cell-matrix 

interaction. The techniques presented in this dissertation are designed to provide 

independent control of such cues to decouple their effects on cell behavior, and 

eventually provide more effective tissue engineering platforms. 

1.3 HYDROGEL FABRICATION FOR CELLULAR MICROENVIRONMENTS 

Hydrogels are of widespread interest in the field of tissue regeneration because of 

structural similarities they share with native ECM. These porous, fibrillar, 3D scaffolds 

are created from a crosslinked networks of one or more polymer, protein, or 

polysaccharide, and are aptly named as a significant percentage of their mass is 

attributable to water. The molecules themselves are only fixed at defined positions, called 

crosslinks, and the remainder of the molecule is allowed to move freely in solution absent 

of other restrictions. The viscoelastic properties of hydrogels are a direct result of this 

molecular mobility. Reducing degrees of freedom by increasing the crosslink densities 

impacts viscoelastic and structural properties of hydrogels. Hydrogels have become the 

leading platform for studying cells in vitro because of their definable 3D structure. In 

addition, scientists have engineered ways to control the presentation of topographical, 

mechanical, and chemical cues within these scaffolds, making them promising materials 

for translational research. 

Physical crosslinking relies on changes in inter- and intramolecular forces to form 

stable networks. Ionic or thermal manipulations are most commonly used to generate 

physical crosslinks. In alginate solutions, for example, adjacent molecules are linked 

through shared interactions with calcium ions to form a thermodynamically favored gel 

[121, 122]. Since calcium is biocompatible, this process can be used to encapsulate cells 

within solid alginate hydrogels [123]. Physical crosslinking of some proteins, such as 
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collagen and chitosan, occurs spontaneously at elevated temperatures, making such 

species primary candidates for the development of injectable hydrogels [124-126].  

Chemical crosslinking is a much more diverse process than physical crosslinking, 

occuring via various reaction mechanisms to form stable, covalent bonds between 

molecules [127]. Often, chemical crosslinking approaches require use of toxic chemicals 

and/or organic solvents that are not compatible with living cells. Chemical crosslinking, 

however, is a popular approach in many applications because it can provide exceptional 

control of the structural and mechanical properties of hydrogels. 

Soft lithography is a technique used to replicate features using elastomeric, 

deformable molds. This approach, first introduced by Whitesides and colleagues, gained 

wide adoption in the semiconductor industry because it is cheap, efficient, and reliable 

[128]. In brief, a master template is created by curing a photoresist film on a silica 

substrate with ultraviolet (UV) light. Features are created using optically transparent 

masks to selectively transmit patterns to the photoresist. Alternative techniques to create 

master templates that are not reliant on photolithography also have been developed [129]. 

PDMS is poured over the master template, thermally cured, and then separated from the 

master template. The features from the master are preserved on the surface of the PDMS 

as negative space with high fidelity, producing a reusable mold. The mold is then filled 

with a precursor solution and then gelled using one of many possible crosslinking 

technologies against a rigid substrate, such as glass.  

Soft lithographic methods are highly versatile and have been used to fabricate 

protein and polymeric hydrogels for cell studies [130-132]. Many biological effects, 

including cellular responses to topography and cell patterning platforms, have progressed 

because of this technology [133, 134]. Recent work by Fourkas and colleagues has 

demonstrated that complex, 3D shapes can also be molded using soft lithography [135]. 
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This is an improvement over the layer-by-layer approach originally introduced that 

requires additional processing and is time intensive [136, 137]. Additionally, soft 

lithography has tremendous potential for fabricating large-scale arrays for biological 

applications. Despite recent advances, the technology cannot provide 3D spatial 

resolution within already existing hydrogel networks. 

Photolithographic techniques have undergone extensive development, primarily 

by the semiconductor industry, and have been useful for generating patterns on a 

substrate via exposure of a photoresist to high intensity light (typically UV) light. 

Individual photons provide an appropriate amount of energy to excite electrons to higher 

energy states from which various reactions can occur. This approach is used commonly to 

fabricate macromolecular hydrogels for tissue engineering scaffolds. Researchers have 

incorporated functional groups, such as acrylates, into the backbone of many polymers 

and proteins in order to promote crosslinking with UV-initiated photosensitizers [138, 

139]. When combined with soft lithography, simple 3D features with micrometer 

resolution can be molded, but this approach does not provide the spatiotemporal 

advantages of MPL.  

Only MPL offers the ability to ‘direct-write’ the architectural complexity of the 

ECM with sub-μm feature resolution in all axes. Early work by the Shear Group and 

others has established MPL as a widely applicable tool for fabrication of proteins and 

polymers, and MPL is the basis of the work presented in Chapters 2 and 3 [140]. The 

theory of multiphoton excitation (MPE) was originally described by Marie Göppert-

Mayer in 1931 [141]. She correctly predicted that an electron could be excited to a higher 

energy state by the simultaneous absorption of two or more photons of lower energy. A 

representative Jablonkski diagram is shown in Figure 1.1. Her theory was not proven 

experimentally until the invention of lasers 30 years later [142]. Both continuous wave 
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and pulsed lasers have been used to induce MPE, but pulsed sources are preferred 

because they dramatically reduce the average laser power required for MPE [143, 144]. 

For the simultaneous absorption of two or more photons to occur, a high photon flux is 

required. Regions of high photon flux can be generated via laser beam focusing using a 

high-numerical aperture (NA) objective. The non-linear dependence of excitation on light 

intensity limits the excitation to a 3D focal volume that can be on the order of ~1 μm3. 

Additionally, most proteins and hydrogels are nearly transparent optically at the 

wavelengths typically used for MPE (near-infrared); therefore, higher depths can be 

reached without photodamaging out-of-plane molecules.  

While early research related to MPE was dedicated to fluorescence, Strickler, 

Webb and others used MPE for stereolithographic printing of 3D, acrylate resins [145, 

146]. Pitts et al. later crosslinked protein hydrogels using a titanium:sapphire (Ti:S) laser 

to excite a photosensitizer within a dense protein solution [147]. 3D features were created 

by scanning the laser in a single plane, and axially stitching fabrication planes in a layer-

by-layer fashion. The Shear Lab combined this approach with digital masking technology 

to print free-form, 3D architectures with a library of biocompatible proteins [98, 148, 

149]. A simplified schematic of the instrumentation used for this work is described in 

Figure 1.2. Several studies have demonstrated that certain proteins maintain at least a 

portion of their activity after crosslinking, making MPL a viable approach for printing 

biomimetic tissue culture platforms [47, 148, 150, 151]. Considering the need for features 

on various length scales within 3D tissue regeneration scaffolds, a combination of 

crosslinking platforms is necessary to design microenvironments with the representative 

complexity of native ECM for tissue engineering.  
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Figure 1.1: Comparison of single- and two-photon excitation (1PE and 2PE, 
respectively). A) A basic Jablonski diagram to highlight the principle of 1PE and 2PE. B) 
Fluorescence profiles within a cuvette of fluorescein generated using single (λ = 488 nm) 
and two-photon (λ = 960 nm) excitation. Emission promoted by 2PE is confined to 
positions close to the focal plane. Image adapted from [144]. 

  



 20 

Figure 1.2: Multiphoton lithography instrumentation. The output from a pulsed Ti:S laser 
is directed through a paired half-wave plate (HWP)/polarizing beam-splitting cube (PBS) 
for manual laser power attenuation. Automated power attenuation is accomplished by 
applying voltage to a Pockel’s cell using the output from a function generator. A two-
axis, galvanometer-driven scan mirror that raster scans the focused laser beam at user-
defined waveforms, frequencies, and amplitudes. Using a series of mirrors (black lines) 
and lenses (blue), the beam is focused on the face of a digitial micromirror device (DMD) 
aligned in a plane that is conjugate to the focal plane of a high-NA objective situated on 
an inverted microscope. The DMD displays a binary photomask (green inset), where 
white pixels reflect the laser beam to the back aperture of the objective and result in the 
fabrication of densely crosslinked structures (navy inset). Image adapted from [152]. 

  



 21 

1.4 PREVIEW OF CONTENT 

As the field of biomaterials progresses, it is clear that the effects of engineered 

scaffolds are a true integration of all material features including chemical, mechanical, 

and topographical properties. In order to further advance our understanding of the cell-

matrix interaction, new methods must be established that allow for localized and 

independent control of multiple material properties within a 3D context. Previous work in 

the labs of Prof. Christine Schmidt and Prof. Jason Shear evaluated the efficacy of 3D-

printed protein matrices as tissue engineering scaffolds [48]. The goals of this dissertation 

were to develop methods to harness more precise control of the chemical, topographical, 

and mechanical properties of these scaffolds. A strong emphasis has been placed on 

designing techniques that allow for independent manipulation of single cues, so effects 

ultimately can be decoupled. Chapter 2 describes the development of a benzophenone-

based immobilization chemistry to functionalize the surface of protein hydrogels for 

biological studies. Chapter 3 describes the development of a technique to modify protein 

hydrogels post-fabrication by either adding topographical features or altering the elastic 

modulus. Chapter 4 characterizes the efficacy of fluorescent NO probes for imaging 

intracellular and extracellular signaling. This work will be foundational in helping to 

uncover underlying mechanisms of cell-matrix interactions, and could eventually lead to 

pivotal advances in future designs of biomaterials for targeted treatment and tissue 

regeneration. 
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 Chapter 2:  Developing a benzophenone-based immobilization method 
for patterning cells on three-dimensional (3D) protein architectures 

2.1 CHAPTER SUMMARY 

Inter-cellular communication occurs through a milieu of sensory pathways that 

can process chemical, mechanical, topographical, and electrical inputs. Various proteins, 

peptides, ions, and synthetic molecules have been used to study how cells detect and 

interpret specific signals. Sensory molecules used have been isolated and presented to 

cells as soluble or immobilized cues to promote specific cellular behaviors such as 

differentiation, adhesion, and migration. This chapter introduces a novel method to 

immobilize chemical cues to micro-3D-printed (μ-3DP) protein architectures. 

Benzophenone-biotin (BP-b) is photochemically activated via multiphoton excitation to 

promote a non-specific, 3D-localized reaction with the protein matrix. The relative extent 

of biotin immobilization is quantified using a fluorophore-conjugated neutravidin (NA) 

molecule that binds to biotin in a 1:4 ratio. Experimental parameters, including laser 

power, grayscale masking, BP-b concentration, and the number of immobilization scans 

are used to generate step and continuous gradients of biomolecules. Immobilization is 

achieved within and on the surface of 3D architectures with microscale resolution in all 

axes. Additionally, chemical modifications are made without altering the elastic modulus 

or topographical properties of the substrate. Surfaces were rendered bioadhesive by 

incorporating biotinylated, universally adhesive peptides, RGD (Arg-Gly-Asp) and 

IKVAV (Ile-Lys-Val-Ala-Val), to promote Schwann cell (SC) adhesion and polarization. 

This capability is demonstrated on both planar and 3D structures. Scan parameters 

needed to immobilize sufficient concentrations for efficient cell patterning create sub-

micron topographical changes simultaneously; however, ~200 nm deep indentations 

alone do not promote cell adhesion or polarization. Further optimization is needed to 



 34 

increase cell adhesion at reduced scan powers, thus avoiding both mechanical and 

topographical changes to these protein matrices. This technique introduces an additional 

degree of chemical specificity that can be used to elucidate cell-matrix interactions and 

direct cell behavior. Ultimately, the work improves the capacity of micro-3D (μ-3D) 

protein scaffolds to be used as biocompatible, contact guidance cues for investigating or 

directing cell behavior on 3D biomaterial scaffolds. 

2.2 BACKGROUND AND MOTIVATION 

The extracellular matrix (ECM) is a dynamic, 3D environment that contains a 

plethora of physical and chemical cues that control cell function. Native ECM is 

described as an interpenetrating network of structural proteins such as collagen, laminin, 

and fibronectin that are secreted by cells. The protein composition of the ECM, as well as 

the structure of the proteins themselves is tissue specific. Within a single tissue 

containing many cell types, heterogeneity abounds in the form of localized domains of 

proteins and other chemical cues necessary for proper tissue function [1]. The chemical 

composition underlies other important topographical and mechanical properties that can 

also contribute to form and function [2-4]. In the field of tissue regeneration, a strong 

emphasis has been placed on identifying what signals direct cells during embryonic 

development, and researchers have made countless attempts to recreate these signals in 

vitro. Each discovery leads to a better understanding of the cell-matrix interaction, and 

reveals a reality that all chemical and biophysical properties must be considered when 

designing biomaterials for tissue engineering, including chemical, mechanical, and 

topographical cues that all have independent and combinatorial effects on cell 

differentiation, migration, proliferation, and death [5]. Differential, independent, and 

localized control of these properties in 3D scaffolds is crucial to advancing our 
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understanding of the cellular response, and will inform the design of future tissue 

engineering platforms.  

The primary focus of Christine Schmidt’s research is to design materials that 

target the regeneration of peripheral and central nervous tissue. Previous collaborative 

work with Jason Shear’s Group has combined μ-3DP protein structures, composed of 

bovine serum albumin (BSA), with hyaluronic acid (HA) based hydrogel constructs to 

promote and guide the migration of dorsal root ganglia (DRGs) and neural progenitor 

cells (NPCs) [6]. Interaction efficiency of the cells with unmodified protein hydrogels 

was less than 30%. However, when 5% (w/w) biotinylated-BSA was incorporated into 

the protein matrix via fabrication and laminin-derived, IKVAV peptides were attached to 

the structures, the interaction efficiency increased to ~70%. Unfortunately, the method to 

produce chemically functionalized protein hydrogels restricted the user to a homogenous 

distribution of biotin throughout the matrix. 

To tailor the surface chemistry these scaffolds exhibit in localized, 3D space, a 

photolithographic method is developed to immobilize BP-b to protein hydrogels after 

fabrication. The effect of the immobilization on the mechanical and topographical 

properties is also characterized. Differential (gradients), localized (sub-micron 

resolution), and independent control of immobilization on 3D surfaces is displayed. To 

demonstrate the utility of this technique for biomaterial applications, adhesive peptides 

are immobilized to promote the adhesion of Schwann cells (SCs). Additionally, user-

defined regions of immobilized peptides promote SC alignment and patterning. 

2.2.1 Neural development and nerve regeneration 

Peripheral nerve tissue is composed of a unique orientation of neurons, glial cells, 

and extracellular matrix proteins. The axons are organized into fascicles, which are larger 
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tube-like structures surrounded by a dense, protective layer of myofibroblasts known as 

the perineurium. Within each fascicle are a number of myelinated axons separated by 

tough, connective tissue known as the endonerium. A single nerve fiber is wrapped in 

epineurium, the outermost layer, and usually contains many nerve fascicles. The 

epineurium contains the vasculature that supplies the nerve with nutrients and removes 

wastes, as well as acts as an additional protective layer [7]. In the case of injury, severity 

of nerve damage depends on the extent to which internal tissue structures are damaged. 

Typically damage to the outer layers of the nerve is quickly repaired and does not affect 

functionality. Even complete transections of the nerve are capable of regenerating 

naturally if the gap between the nerve ends is smaller than 1 mm. The most serious injury 

is a complete transection of the nerve that results in a large gap between the nerve ends, 

and these require other treatment methods to ensure functional recovery.  

The requirements for nerve development and post-injury regeneration are vaguely 

understood. Recommended characteristics for an ideal regenerative scaffold include 

degradability, porosity, chemical functionality, topographical signals, and incorporation 

of support cells; however, it is unclear what role each of these variables play and which 

ones are critical [8]. Son and Thomspon showed that SCs migrate first and provide 

chemical and topographical support for axon extension [9]. SCs, along with 

macrophages, also aid in clearing debris in the nerve gap, allowing for new axon 

formation extending from the proximal end of the nerve to the distal end. The extension 

rate can range from 2-5 mm per day [10]. Functional recovery is achieved once the axons 

reconnect with their distal targets.  

The most successful treatments for large peripheral nerve gaps to date are 

autologous and decellularized nerve grafts. Many researchers are attempting to 

recapitulate these environments using synthetic and natural biomaterials to treat injured 
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nerves, but these endeavors have fallen short of improving upon the current treatment 

standards [8]. A major reason for the shortcoming of biomaterials to treat nerve 

regeneration is that the majority of researchers focus on therapies for directing and 

increasing axon extension. In this chapter, SCs are the primary focus for adhesion and 

cell patterning, as their infiltration into nerve regeneration scaffolds is believed to be a 

rate-limiting step in functional recovery [11]. Combining the immobilization technology 

with the previously described platform in HA hydrogels will enhance our ability to test 

the effect of chemical cue presentation on SC migration and infiltration. The 

immobilization platform is not limited to investigating SCs, and instead presents a 

versatile, 3D approach for chemical patterning with the potential to direct multiple 

cellular responses such as differentiation, migration, and organization.  

2.2.2 Cell Patterning In Vitro 

Dictating the exact position or orientation of cells within a matrix using 

immobilized chemical cues is paramount to gain a better understanding of cellular 

signaling. An archaic method to position cells within culture systems uses a pipette to 

physically suction and move a cell to the desired location. This method is not ideal for 3D 

or in vivo applications, and has been supplanted by the recent invention of biological 3D 

printing [12]. Traditional two-dimensional approaches, single-photon photolithography 

and microcontact printing (μCP), have been used extensively to pattern biomolecules 

capable of promoting selective adhesion [13, 14]. These biomolecules include families of 

ECM proteins such as collagen, laminin, and fibronectin and specific peptide sequences 

such as RGD and IKVAV [15-18]. Additionally, organization of cues into geometric 

patterns can coordinate cell morphology, which can have substantial effects on cell 

proliferation, differentiation, and function [19, 20]. Ideally, spontaneous organization of 
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cells within hydrogels is key for translational studies to promote proper tissue 

regeneration. This endeavor requires immobilization of multiple cues at defined positions 

within a 3D matrix to direct cell migration, morphology, and gene expression. Currently a 

limited number of methods exist to direct-write complex immobilization patterns within 

3D hydrogels, and more approachable technologies need to be developed to probe 

cellular dynamics in 3D environments.   

2.2.3 Chemical Patterning Technologies 

Scientists have sought for decades to control the interaction of cells with 

biomaterials by tailoring the surface chemistry presented to cells. A plethora of 

influential techniques have been invented to achieve these modifications [14, 21, 22]. 

These approaches have revealed important details regarding the underlying mechanisms 

that govern cell-matrix interactions, and have led to significant advances in the field of 

tissue engineering. Below, a number of the most prominent approaches used for in vitro 

cell studies, as well as their respective advantages and disadvantages are highlighted. A 

summary of this information is provided in Table 2.1. 

Bioconjugation 

Dozens of chemical reaction mechanisms are employed to conjugate 

biomolecules to various substrates or molecules to improve cell-material interactions. 

Proteins, polysaccharides, nanoparticles, and lipids are common substrates that have been 

modified using potential bioconjugation chemistries [23, 24]. To remain within the scope 

of this document, only a few reactions related to proteins and polymers will be presented.  

One established method to prime carboxyl functional groups for reaction with 

primary amines requires a carbodiimide in combination with N-hydroxysulfosuccinimide 

(NHS) to form stable amides [25]. This approach has been used extensively to 
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fluorescently label proteins to aid in visualization, and modify polymer backbones with 

acrylate groups for photocrosslinking [26-28]. It also has been used to render many bulk 

hydrogels, including alginate and HA cell adhesive [29, 30].  

The idea of “click” chemistry was first introduced by Sharpless et al. to refer to a 

series of modular reactions used to construct larger compounds [31]. “Click” reactions 

are highly selective and exothermic (>20 kcal/ml). They display high percent yields and 

form stable products. A number of reaction schemes fit the profile of a “click” reaction, 

such as Diels-Alder reactions, Michael Additions, ring-opening epoxides, and 

cycloadditions [32, 33]. These reactions have been exhausted to selectively couple 

proteins to surfaces, and more recently were combined with photoexcitation to pattern 

materials in 3D [34, 35]. As development of bioconjugation chemistries continues, the 

primary focus for tissue engineering applications needs to be on establishing spatially and 

temporally resolved mechanisms capable of providing multiple cues within a 3D 

construct.  

Self-assembled monolayers (SAMs), discovered in 1983 by Nuzzo and Allara, are 

formed from spontaneous adsorption of alkanethiols on metal surfaces [36]. The 

deposition can be performed in either gas or liquid phases. The monolayer thickness is 

tunable, as heights as low as 1 nm have been achieved. Tethering long chain polymers or 

other functional groups can be used to promote further adsorption of biomolecules and 

proteins that promote or prevent cell adhesion. Although SAMs are stable under ambient 

conditions, they can also be desorbed easily from a metal surface by applying electric 

potential, acid/base etching, or exposure to ultraviolet (UV) radiation. Microfluidics have 

been designed to pattern cell adhesive regions through the selective desorption and re-

adsorption of SAMs [37]. SAM density has also been controlled using variable UV 

exposure to create gradients of biomolecules [38]. These techniques rely on the fragile 



 40 

nature of SAMs, a feature that can also lead to defects. Another significant drawback is 

that SAMs can only be applied to metal surfaces. 

Soft Lithography 

Soft lithography uses elastomeric polymers, such as polydimethylsiloxane 

(PDMS), as molds or stamps to replicate features on a surface. Kumar and Whitesides 

introduced the concept of μCP in 1994 and revolutionized how SAMs were applied [39, 

40]. First, a master template of photoresist was etched on silica using traditional 

photolithographic methods. PDMS was poured over the master, heat cured, then 

separated from the master. The features from the master were preserved on the PDMS as 

negative space, producing a reusable stamp. The stamp was then coated in “ink,” an 

ethanolic solution containing gold-reactive thiols, capable of diffusing into the PDMS. 

When the stamp was applied to a gold-coated substrate, only positive features on the 

PDMS contacted the surface and resulted in chemical adsorption. As a result, physical 

features on the PDMS were effectively converted into a chemical pattern on the substrate. 

This technique is advantageous because large arrays can be created and replicated 

quickly using a single mold, highly resolved (~50 nm) features are attainable, and the 

materials and equipment costs are relatively cheap compared to photolithography. 

However, μCP also has many limitations. Organic solvents, excluding ethanol, induce 

swelling of the PDMS, altering the features and decreasing the pattern resolution. PDMS 

is also hydrophobic, restricting the application of aqueous-based solutions. Additionally, 

features may be distorted due to the force exerted during the stamping procedure. Ink 

diffusion can also lead to the creation of edge effects. Soft substrates, such as hydrogels, 

are also difficult to pattern because of substrate deformation caused by the application of 



 41 

the stamp. Many of these challenges have been addressed in the last 20 years through the 

development of better instrumentation, materials, and methods. 

Chou and colleagues invented nanoimprint lithography, a process using 

thermoplastic polymers, to achieve feature sizes approaching 25 nm [41]. Colloids have 

also been used to form masks for selective etching of SAMs [42]. The size and 

organization of the colloids can be controlled in 3D space using electric fields, but the 

geometries are limited to simple designs (e.g. circles or triangles). Another technique, 

dip-pen nanolithography (DPN), uses the tip of an atomic force probe as the stamp 

instead of PDMS [43]. This approach allows for simultaneous deposition of multiple 

molecules, and can be used to pattern soft substrates such as hydrogels [44-46]. Recent 

improvements to DPN allow for control of protein deposition down to a single protein 

molecule [47]. Layer-by-layer deposition has also been demonstrated for the production 

of 3D arrays using DPN, but is impractical for large volumes [48]. Despite advances and 

increased interests in this technology, soft lithography has not usurped photolithographic 

techniques as the primary option for chemically patterning 3D scaffolds. 

Photolithography 

Single-photon lithography is the most widely used technique to chemically 

modify biomaterials. It can be used in combination with μCP or microfluidics to create 

complex patterns and gradients with sub-cellular resolution on a variety of substrates. An 

inspirational study conducted by Adams et al. used a laser-based approach to immobilize 

gradients of benzophenone-conjugated, IKVAV on etched plastic [49]. When DRGs were 

plated on the substrates, axons preferentially extended towards the higher concentration 

of the peptide. Photolithography has also been used to chemically pattern soft hydrogels 

and elastomers to control cellular organization [50, 51]. UV lasers provide quasi-3D 
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spatial resolution and have been used to promote cell migration into hydrogels [52, 53]. 

Since high doses of radiation are required for photolithography, it is generally not 

recommended for in situ studies. Moreover, many proteins are photodamaged by UV 

light, thus presenting a challenge for patterning in the presence of other biomolecules [54, 

55]. By limiting exposure time, researchers have modified substrates in the presence of 

cells to control cell adhesion [56-59]. Despite the limitations associated with traditional 

photolithography, it will continue to be influential for large-scale biomaterial 

modification because it is well established and easily accessible. 

In contrast to single-photon lithography, multiphoton lithography (MPL) provides 

3D-localized control of patterning because it requires the near-simultaneous absorption of 

two or more photons. The non-linear dependence of photoexcitation on light intensity 

provides a distinct advantage over traditional photolithography, because the excitation 

voxel is confined to regions of high photon flux, such as the focal plane of a microscope 

objective. This technique provides a diffraction-limited resolution approaching ~1 μm in 

3D, and offers control over both the distribution and concentration of chemical cues 

within 3D constructs.  

The West Group first demonstrated the ability to selectively pattern biomolecules 

and cells within optically transparent hydrogels using multiphoton excitation (MPE) [50]. 

Since the same functional groups were used for fabrication and MPE excitation, hydrogel 

deformation was apparent as an increase in crosslinking density resulted from the 

immobilization scan. Other mechanisms including coumarin-uncaging and “click” 

reactions have been developed to reduce cytotoxicity and avoid structural changes to the 

matrix. However, these approaches require chemical modifications to the polymer 

backbone prior to fabrication to achieve functionalization [34, 60]. Promising results 

show control over cell migration and cellular orientation within 3D hydrogels using 
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MPE-induced immobilization strategies [34, 61]. Many of these approaches have also 

been used to pattern multiple biomolecules within 3D constructs [34, 62, 63]. MPE is an 

exceptional tool for small volume and single cell investigations because of the spatial 

resolution provided, but is impractical for macroscopic studies because of optical 

limitations and time constraints. 

Herein, a novel approach to tailor the surface presentation of μ-3D printed protein 

hydrogels through direct and localized immobilization of BP-b using MPE is presented. 

An ability to tune the degree of immobilization using a range of possible variables 

including BP-b concentration, average laser power, and the number of immobilization 

laser scans is demonstrated. Continuous and step gradients of immobilized chemicals are 

created using both a Pockels cell and grayscale mask to modulate laser power during 

immobilization scans. Topography and stiffness are evaluated using atomic force 

microscopy (AFM) to identify scan conditions that prevent structural changes to the 

protein hydrogel. In addition, the scaffolds are rendered bioadhesive by immobilizing 

RGD to increase SC interaction. Sub-cellular patterns of RGD are effective for promoting 

selective adhesion and cell polarization on planar and 3D scaffolds. This technique 

provides significant advantages over other MPE-induced immobilization platforms 

including: 1) insertion of photoactivated BP-b is non-selective, thus a number of hydrogel 

constructs can be functionalized without need for polymer modification. 2) BP-b can be 

immobilized without altering the structural properties of a matrix. 3) Finally, in situ 

modifications are possible without damaging nearby cells, as other researchers have 

shown using more destructive wavelengths [56]. This immobilization technology will be 

instrumental for investigating cell-matrix interactions as it provides more precise and 

independent control of cue presentation within 3D culture environments. 
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Table 2.1: Summary of chemical patterning methods. 
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2.3 MATERIALS AND METHODS 

2.3.1 Reagents 

Bovine serum albumin (BSA, BAH64) was obtained from Equitech-Bio 

(Kerrvile, TX) and rose bengal (RB, 33000) was purchased from Sigma Aldrich (St. 

Louis, MO). Sterile, phosphate buffered saline (PBS, SH3026401) solution was 

purchased from Thermo Scientific (Waltham, MA). Dimethyl sulfoxide (DMSO, BP-

231) was obtained from Fisher Scientific (Fairlawn, NJ). Benzophenone-biotin (10267) 

was obtained from Quanta Biodesign (Powell, Ohio). Neutravidin-TMR (A-6373), 

Alexafluor 594 phallodin (A12381), and 4’,6-diamidino-2-phenylindole (DAPI, D1306) 

were purchased from Life Technologies (Carlsbad, CA). Biotinylated-RGD was provided 

by American Peptide (Sunnyvale, CA). Cell culture mediums including Dulbecco’s 

modified eagles medium (DMEM, high glucose, SH30022) and Leibovitz L-15 

(SH30525) were purchased from Fisher Scientific. Mitogenic factors used to maintain SC 

cultures including bovine pituitary extract (BPE, P1476) and forskolin (F6886) were 

acquired from Sigma Aldrich. Fetal bovine serum (FBS, SH3008803) and trypsin 

(SH3004201) were purchased from Fisher Scientific. Penicillin streptomycin (PSA, 

1507-063, Life Technologies) was used as a general antibiotic in experimental media. All 

reagents were stored in a manner consistent with the supplier’s recommendations. 

2.3.2 μ-3D Protein Hydrogel Fabrication 

The instrumentation used to fabricate protein hydrogels is depicted in Figure 1.2 

and the digital micromirror device (DMD)-directed MPL technique has been described in 

Chapter 1 and in other previously published work [64-68]. Briefly, a mode-locked Ti:S 

oscillator (Coherent, Mira 900F) was pumped by a 532 nm frequency doubled laser 

(Coherent, Verdi, 10 W). The Ti:S output wavelength was tuned to 740 nm and directed 
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via a sequence of mirrors and lenses into the back aperture of a microscope objective 

(40X/1.3 NA, Zeiss Fluar). A half-wave plate and polarizing beamsplitter were used to 

manually attenuate the power so that the average laser power was 22 mW at the back 

aperture of the objective. A dual-axis, galvanometer-driven scan mirror (Leica, TCS-4D) 

was used to raster scan the beam at user defined waveforms, frequencies, and amplitudes. 

For large structure fabrication, the scan mirror was set to scan in a single x-axis (the fast 

axis), and an automated stage (model 562, Newport Corporation) was used to translate 

the sample relative to the focal plane in the orthogonal axis at a velocity of 20 μm/s [69]. 

Prior to the objective, the beam was focused on the face of a DMD projector (BenQ, 

MP510) with individually addressable, reflective mirrors located in a plane conjugate to 

the focal plane of the objective. By displaying a binary digital mask, the mirrors were 

positioned to reflect the beam toward or away from the objective. Binary images were 

created in Photoshop (Adobe, San Jose, CA), ImageJ (National Institutes of Health, 

Bethesda, MD), and PowerPoint (Microsoft Corporation, Santa Rosa, CA). The beam 

was re-collimated using a tube lens and reflected into the objective on a Zeiss Axiovert 

135 microscope via a dichroic mirror.  

BSA hydrogels were crosslinked to the surface of No. 1 coverslips (Fisher 

Scientific) or No. 1.5 welled-coverslips (Fisher Scientific) for cell experiments. A 

fabrication solution of 400 mg/mL BSA and 10 mM RB was used to fabricate all 

structures. The beam was focused into the solution and raster scanned to crosslink BSA 

layers. 3D features were created using a layer-by-layer approach, synchronizing the 

presentation of digital masks with incremental stage translation in the optical axis. All 

communication between equipment was coordinated using Labview software (National 

Instruments, Austin, TX). Axial step sizes were maintained at 1 μm for all structures. 

Residual fabrication solution was removed through a series of PBS washes. When 
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specified, structures were re-scanned with the beam using a protocol identical to 

fabrication for laser shrinking. Structures were then photobleached using a 30-minute 

exposure to the “full” output of a tungsten-halogen arc lamp reflected onto the sample via 

a 99/1 mirror. This step was required to minimize structural deformation and eliminate 

competitive photon absorption. The Shear Group has studied the impact of 

photobleaching on the swelling properties of protein structures extensively [70]. Further 

discussion on the impact of photobleaching pertaining to structure modulus, swelling, and 

cell adhesion is in sections 2.4.2 - 2.4.4. 

2.3.3 Benzophenone Immobilization 

A stock solution of 10 mg/mL BP-b in DMSO was made and stored in the dark. 

The stock was diluted with an equal volume of PBS prior to immersing the protein 

structures to create a 50/50 (v/v) solution of DMSO/PBS with a 5 mg/mL BP-b 

concentration. When different concentrations were used, the stock concentration was 

adjusted to maintain a 50/50 (v/v) DMSO:PBS ratio. The laser beam was manually 

focused on the glass and an automated stage was stepped a set distance to the desired 

starting plane. The scanning procedure used for MPE of BP-b was identical to 

fabrication. For 3D immobilization, the galvanometer-driven mirror was used to raster 

the beam in both axes. The laser was raster scanned between 1 and 12 times in a single 

plane. When immobilization was performed in multiple planes, the stage was translated  

1 μm in the optical axis using the automated stage, and the process was repeated until the 

beam reflection from the structure was no longer visible. To create gradients, the beam 

power was electrooptically attenuated using a synthesized function generator (Model 

DS345, Stanford Research Systems, Sunnyvale, CA) to deliver user-defined waveforms 

of voltage to a Pockels cell (350-50, Conoptics, Danbury, CT). Triggering of the Pockels 
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cell and function generator was synchronized with the immobilization scan using 

Labview software. After the BP-b immobilization, the structures were thoroughly rinsed 

with large volumes (~500 μL) of PBS prior to incubation in a 2 μM NA-TMR solution. 

After rinsing, a 5 μM solution of b-RGD was used to prepare the protein scaffolds for cell 

studies. Care was taken to minimize light exposure throughout this process.  

2.3.4 Fluorescence Imaging 

Fluorescence images were acquired using a 10X/0.5 NA (Fluar, Zeiss) or 10X/0.3 

NA objective (UPlanFl, Olympus) on an inverted Zeiss Axiovert microscope. A 

Cy3/TRITC filter set [Ex/Em: 545(25)/605(70), 49004, Chroma] was used with an 

attached Zeiss HBO-100 mercury arc lamp to illuminate the NA-TMR. One of two digital 

cameras was used: a 14 bit digital camera (C4742-98, Hamamatsu) or an Orca Flash 2.8 

(C11440-10C, Hamamatsu), with Metamorph (Universal Imaging Corporation) and 

HCImage (Hamamatsu) acquisition software, respectively. All files were saved as tagged 

image files (.tif). Brightness and contrast levels were adjusted using ImageJ, and a lookup 

table (‘gem’) was sometimes applied to aid in visualization. Background images were 

acquired prior to NA-TMR immobilization for appropriate corrections. 

3D image stacks were acquired using a Leica SP2 AOBS confocal microscope 

(Leica Microsystems). A 40X/1.25 NA, oil immersion objective was used for all 

acquisitions. Excitation and emission wavelengths were optimized for each fluorophore. 

Spacing between image planes was set to approximately 500 nm for all acquisitions. 3D 

reconstructions were created in ImageJ and Imaris (Bitplane) software. Levels were 

adjusted to aid in visualization.  
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2.3.5 Structural Characterization 

An atomic force microscope (AFM, MFP-3D-BIO, Asylum Research) was used 

to acquire all force curves and topographical images. Protein hydrogels were submerged 

in PBS for the duration of data acquisition. For modulus measurements, a gold-coated 

cantilever (silicon, k = 3.8 N/m, PT.GS.AU, Novascan) with an attached 10 μm-diameter 

borosilicate bead was used to generate deflection versus displacement curves. Code was 

written in Matlab to automate the data analysis, except for the selection of the contact 

point. The program implemented a while loop to fit the Hertz model to the experimental 

data until a maximum R-squared value was obtained. A 5% strain limitation was 

imposed, equivalent to an indentation depth of approximately 300 nm. A total of four 

force curves were taken per structure then averaged to approximate the structure 

modulus. The average values from a minimum of three BSA pads were averaged again to 

obtain final values. Protein hydrogels were fabricated at a nominal height of 11 microns 

and photobleached with the arc lamp. Height measurements were obtained by taking the 

difference between the position of hydrogel contact and an adjacent glass measurement. 

Topographical images were acquired in ‘contact mode’ using a triangular shaped 

cantilever (silicon nitride, k = 0.17 N/m, MSCT, Veeco) with a pyramidal tip (2.5 – 8 μm 

tall, 40 nm-radius). A setpoint of 0.3 deflection volts was used to maintain contact. 

Imaging frequency (0.25 – 0.5 Hz) was optimized for each sample. The scan area, 65 μm, 

and pixel resolution, 256 x 256, were consistent for all images. The z-position channel 

was saved as a tab-delimited text file, and then imported into Matlab to generate surface 

plots. 

2.3.6 Cell Culture 

Schwann cells (SCs, S16, CRL-2941) harvested from rat sciatic nerve were 

purchased from the American Type Culture Collection (ATCC). SCs were maintained 
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using previously published protocols [71]. In brief, SCs were kept in DMEM, high 

glucose media containing 10% (v/v) FBS, 2 μM forskolin, and 30 μM BPE. Cells were 

passaged using 0.25% trypsin (1X) every 4 – 7 days. Cells were not used after the 11th 

passage. A phosphate buffered experimental media (L-15, 1% FBS, 1% PSA) was used 

during time-lapse image acquisition because carbon dioxide was not available. Cells were 

fixed using a 4% formaldehyde solution (C001D76, Thomas Scientific, Swedesboro, NJ) 

after imaging, then permeated using a 0.1% Triton X-100 solution (T8532, Sigma 

Aldrich). Supplier recommended DAPI and phalloidin staining protocols were followed 

to immunostain all cells.  

2.3.7 Time-lapse Acquisition 

An environmental chamber was constructed out of plexiglass and an aluminum 

floor to fit on the stage of an inverted Zeiss Axiovert microscope. The temperature in the 

chamber was controlled using a heat gun (4HWK1, Westward) and heated stage (Brook 

Industries). The heat gun was modified to connect to a PID controller (T1620000, Red 

Lion) that monitored and maintained the inlet air temperature at a user-defined set point. 

Polyethylene tubing was used to connect the heat gun to the environmental chamber. For 

more information on chamber construction, see [72]. Images were acquired in 5-minute 

intervals using Metamorph software. A 5X/0.12 NA (Apochromat, Zeiss) or 10X/0.5 NA 

objective (Fluar, Zeiss) was used to acquire all images. All images were exported as 

tagged image file (.tif) stacks, and videos were created in ImageJ. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Two-Photon Immobilization of Benzophenone 

Galardy et al. first identified BP as a photoreactive species in 1974 and used it as 

a labeling agent for proteins [73]. Upon absorption of UV radiation (λ = ~260 nm) BP is 
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excited into a triplet state, generating a highly reactive, free radical. The radical inserts 

into available, weak carbon-hydrogen σ-bonds or relaxes to the ground state if a reaction 

does not occur [74]. Stability and reactivity of BP in aqueous solvents provide significant 

advantages over other photoreactive species. It was not until 1997 that Hypolite et al. 

demonstrated the versatility of BP to be used as a patterning agent for the immobilization 

of protein gradients [75]. In a motivational study for neural tissue engineering and this 

work, Adams and colleagues used a UV laser to produce immobilized gradients of BP-

conjugated, IKVAV to direct axonal outgrowth from DRGs [49].  

Furthermore, multiphoton activation of BP and its dimer using much longer 

wavelengths has been reported in the literature [76, 77]. A plot of the log-log power 

dependence collected at a wavelength of 780 nm for the dimer had a slope of 2.54, 

suggesting a combination of two- and three-photon events. The observed absorption was 

primarily attributed to excitation of the benzophenone monomer [76]. A Ti:S laser tuned 

to a wavelength of 740 nm was used to excite BP-b in all experiments presented in this 

document. Alternative wavelengths were tested, but produced significant structural 

deformation of the protein matrix, believed to be caused by three-photon absorption by 

the proteins, and were not evaluated further. Using this technique, localized 

immobilization of BP-b within protein constructs is confirmed with immaterial levels of 

non-specific binding. This work is the first reported use of benzophenone as a reagent to 

pattern substrates chemically using MPE.  

The concentration dependence of BP-b immobilization is evaluated at 

concentrations between 2 and 15 mg/mL, 3 to 22 mM respectively. BP-b precipitation 

occurrs in pure aqueous solvents at concentrations approaching 2 mg/mL. Cell adhesion 

studies tested at this concentration were minimally effective; therefore, DMSO was 

incorporated into the solution to increase the solubility. A 1:1 (v/v) ratio of DMSO and 
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PBS is used to avoid an irreversible deformation that occurs to protein hydrogels in pure 

(100%) DMSO. This improves the maximum solubility of BP-b to 15 mg/mL, and does 

not have noticeable effects on the excitation of BP-b or the protein structures. To study 

the effects of concentration, a single plane within a protein structure was scanned six 

times using average laser powers measured at the back aperture of the objective between 

11 and 17 mW. For comparison, 22 mW is used for fabrication of BSA hydrogels with 

identical instrumentation. For all experiments within this chapter, immobilized BP-b is 

labeled using NA-TMR for visualization and quantification.  

Specific to this experiment, the fluorescence intensity within each scan region of a 

background-subtracted image is averaged. Figure 2.1 shows the results of variable 

concentrations at numerous powers. While an inverse relationship between BP excitation 

efficiency and concentration at concentrations above 1 mM has been reported, these 

studies show a consistent increase in fluorescence intensity with concentration [76]. 

Additionally, a net positive effect on immobilization from the addition of DMSO is 

observed at 2 mg/mL, most likely as a result of improved solubility. An optimum BP-b 

concentration of 5 mg/mL is selected to provide adequate levels of immobilization for 

cell studies while minimizing structural deformation. This concentration is used for all 

remaining experiments within this chapter, unless otherwise noted.  

To study the impact of laser power on BP-b immobilization, μ3DP BSA pads 

were scanned with the laser six times in a single plane at various powers (Figure 2.2). An 

eight-fold change in the resulting fluorescence intensity of NA-TMR is achieved at power 

ranges from 5 – 22 mW. Higher fluorescence signal in these studies may, in part, be due 

to shrinking of the protein matrix and an increase in voxel size at higher laser powers. 

However, when topographical changes were avoided using a combination of laser 
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shrinking and photobleaching steps prior to BP-b immobilization, similar results are 

obtained.  

The probability of a two-photon absorption event is proportional to the square of 

the light intensity, and a three-photon event is proportional to the light intensity cubed. 

When a linear regression is applied to a log-log plot of intensity versus emission, the 

linear slope indicates the number of photons absorbed in the process. Previous studies 

classify the MPE of benzophenone at wavelengths between 780 – 840 nm as a 

combination of two and three photon events [76]. The log-log plot of NA-TMR 

fluorescence versus laser power between powers of 9 and 17 mW has a slope of 2.06, 

indicating a two-photon absorption is occurring. Over the entire power range tested, the 

slope decreased to 1.65. Deviation from two-photon behavior is most likely the result of a 

convolution of factors. First, NA-TMR fluorescence obtained via widefield fluorescence 

is not a direct measure of BP excitation. A single NA molecule can bind up to four 

biotins. According to the specification sheet, each NA-TMR molecule has between 5 - 8 

fluorophores conjugated to it (Life Technologies). In addition, the quantum yield of a 

similar conjugate, streptavidin-TMR, has been measured to be only 0.19 [78]. Upon 

excitation, BP could potentially react with itself to form a dimer instead of the protein 

structure, and not all excitation events have to lead to a reaction. Despite these observed 

deviations from non-linear behavior, the results indicate that power provides excellent 

control of the extent of immobilization.  

An additional strategy to increase the extent of immobilization is to increase the 

laser fluence by increasing the number of times a spatial region is scanned. Protein pads 

were scanned 1, 2, 4, 6, or 12 times in a single plane at average powers - 11 and 22 mW. 

The results shown in Figure 2.3 reveal an additive effect of fluorescence with an increase 

in number of scans. The benefit generated from additional scanning is diminished at 
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higher values of scan number. This non-linear behavior could be due to the occupation of 

available reactive sites within the protein matrix. As expected, the effect of increasing the 

number of scans is much lower than an equivalent increase in power. In fact, four scans at 

11 mW are needed to obtain the same fluorescence of a single scan conducted at 22 mW.  

One advantage to using scan number is that step gradients can be created with 

relative ease using digital masking to control the number of times a region is scanned. 

The lateral distance between steps can be tuned using a DMD to achieve sub-cellular 

resolution. To maximize the range of immobilization a combination of power, BP-b 

concentration, and immobilization scans can be used. Additional variables that are known 

to affect MPE but were not tested rigorously include objective magnification, numerical 

aperture, and scan speed. Future studies should evaluate the impact of these factors, as 

they could potentially provide more pathways to tune the extent of immobilization. 

Inherent variability associated with the fabrication and immobilization scans 

contribute to the heterogeneity of BP-b immobilization between structures, as well as a 

lack of reproducibility. An uneven distribution of protein density within the hydrogel 

matrix results from the layer-by-layer approach used for fabrication. As subsequent layers 

are stitched together, axial attenuation of the laser power from light scattering can 

conceivably contribute to axial variability in the crosslinked protein density. In addition, 

changes within the fabrication solution occur over the time course of an experiment. 

Based on visual observation of the color retained within the matrix, fabricated structures 

exhibit different optical densities and retain less photosensitizer as the time between 

scans increases. Since the position for the immobilization scan is derived using manual 

focusing, the focal plane for adjacent pads could vary up to 1 μm.  

To assess the reproducibility between structures within a single sample, three 

structures were fabricated and scanned using identical parameters. Care was taken to 
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fabricate quickly (tens of minutes) and the focal plane for the immobilization scan was 

measured relative to the glass using an automated stage. An approximate standard 

deviation of 15% of the average intensity is achieved for each set of powers tested as 

shown in Figure 2.4. This value is significantly higher than the ~4% deviation in 

fluorescence intensity on a single structure. Comparable variability is obtained from 

experiments conducted on different days. To minimize variability from external factors, 

single structure immobilization protocols are implemented.  
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Figure 2.1: Effect of concentration on BP-b immobilization. A) A brightfield image of a 
100 x 80 x 8 μm BSA pad that is scanned in a 15 mg/mL BP-b solution using an average 
laser power of 17 mW. The structure was scanned 6 times in a single optical plane at 
approximately one-half of its height. A difference in optical density is apparent between 
scanned and unscanned regions, and is indicative of structural deformation (scale bar = 
50 μm). B) The corresponding fluorescence image was acquired using a TRITC filter set. 
The fluorescence intensity is averaged within the yellow box and the results are plotted in 
(C). Each bar represents the average pixel intensity of a single ~5000 μm2 area. The 
addition of DMSO did not have a negative effect on immobilization. Intensity scales with 
both concentration and power. The error bars are the +/- standard deviation of the pixel 
intensity within each region.  
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Figure 2.2: Effect of laser power on BP-b immobilization. A) A brightfield image of BSA 
pads that are scanned in a 5 mg/mL BP-b solution using variable laser power. The 
structures are scanned 6 times in a single plane at approximately one-half of their height. 
B) The corresponding fluorescence image was acquired using a TRITC filter set (scale 
bar = 50 μm). A linescan, represented by the yellow line, of the fluorescence intensity 
across the image is plotted in (C). D) A plot of the average fluorescence intensity of NA-
TMR within a single scan region versus laser power. Changing power produces the 
largest absolute range of immobilization. The error bars represent the +/- standard 
deviation within each region. 
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Figure 2.3: Effect of the number of immobilization scans on BP-b immobilization. A) A 
brightfield image of BSA pads that have been scanned in the presence of 5 mg/mL BP-b 
using an average laser power of 22 mW. Each structure was scanned between 1 and 12 
(increasing from left to right) times in a single plane at approximately half its height. B) 
The corresponding fluorescence image was acquired using a TRITC filter set (scale bar = 
50 μm). The fluorescence intensity profile of a linescan, shown in yellow, across the 
image is plotted in (C). A graph representing the average fluorescence intensity versus 
the number of scans for average laser powers of 11 (gray) and 22 (black) mW is shown in 
(D).  
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Figure 2.4: Reproducibility of BP-b immobilization. A) The brightfield and 
corresponding fluorescence image of a set of 6 BSA pads (scale bar = 50 μm). Three pads 
were scanned using a laser power of 13 mW (left column) and 17 mW (right column). 
These pads were laser-reduced with 2 scans prior to photobleaching. A bar graph 
representing the average fluorescence intensity of each set is shown in (B). The error bars 
represent the +/- standard deviation of the average values. A standard deviation of ~15% 
of the intensity was calculated (p-value = 0.125, paired t-test). 
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2.4.2 Microscale Compressive Modulus Measurements 

The BP-b-based conjugation is designed to provide independent control over the 

extent of immobilization without impacting the crosslinking density of the protein 

hydrogel. In this study, two material properties are evaluated using an AFM to 

characterize structural changes, Young’s modulus and topography. All measurements are 

acquired in PBS solution (pH = 7.4), as a true representation of the material properties is 

desired.  

The well-established Hertz model relationship is used to calculate the microscale 

compressive modulus of the protein structures [79]. Assuming a spherical object contacts 

a flat, homogenous surface, the force (F) applied to the cantilever is described by the 

following relationship: 

 

   𝐹 = !
!

!
!!!!

𝑅𝛿!     Equation 2.1 

 

where E represents the elastic modulus of the substrate, ν is Poisson’s ratio, R is the bead 

radius, and δ is the indentation. Poisson’s ratio is a ratio of transverse to axial strain, and 

the accepted value for incompressible materials deformed at low indentations is 0.5. The 

force applied to the cantilever can also be calculated using Hooke’s law: 

 

  𝐹 = −𝑘𝑥      Equation 2.2 
 

where k is defined as the spring constant of the cantilever and x is the linear 

displacement. We calculated the elastic modulus by combining and rearranging these 

equations. Most hydrogels have been reported to exhibit linear stress-strain behavior 

under macroscale compression at indentation depths up to 20% of its height [80]. For 
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AFM measurements, a 10% strain maximum is suggested [81]. A strain limitation of 5%, 

equivalent to an indentation depth of approximately 300 nm, was imposed for all 

experiments in these studies. Structure heights are maintained above 7 μm, an 

experimentally determined threshold to avoid interference from the glass as shown in 

Figure 2.5. 

The structures were photobleached prior to immobilization to minimize the 

reactivity of residual photosensitizer partitioned within the BSA structure from the 

fabrication. Complete photobleaching, qualitatively defined as the loss of pink color 

attributable to RB, is achieved with a 30-minute exposure to the “full” output of a 

halogen arc lamp. Light exposure has been shown to cause significant swelling of BSA 

structures, and AFM measurements to measure the structure height confirm these results 

[70]. The structures in Figure 2.6 were nominally fabricated to stand 11 μm tall and 

swelled to 14 μm after photobleaching (~30%). The photobleaching also resulted in a 

50% reduction of the elastic modulus (~20 kPa to ~10 kPa). More specific data regarding 

the effects of photobleaching on modulus will be discussed in Chapter 3.  

To evaluate the effect of BP-b immobilization on Young’s modulus of protein 

hydrogels, BP-b immobilization was conducted using three scan conditions. Structures 

were fabricated to have a nominal height of 11 μm. The initial scan plane was set to 

approximately 80% of the nominal height (9 μm above the glass), and the stage was 

sequentially stepped in 1-μm increments to ensure the surface of the structure was 

scanned. No distinguishable difference in the measured height or modulus between 

scanned structures and a control group are observed, even at powers typically used for 

fabrication. 
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Figure 2.5: Effect of structure height on measured modulus. BSA hydrogels are 
fabricated using an identical protocol except for number of axial steps to vary the 
hydrogel height. Hydrogels less than 7 μm appear stiffer due of the underlying glass 
substrate (* - p-value < 0.05 when measured against all other data sets, ** - p-value < 
0.05 when compared to the modulus for 10- and 12-μm-tall hydrogels). There is no 
difference in the measured modulus for structure heights greater than 7 μm. (n = 4 for 
each data point).  
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Figure 2.6: Effect of BP-biotin immobilization on elastic modulus. A) A brightfield 
image with the corresponding NA-TMR fluorescence image overlayed. A representative 
linescan (yellow line) of the fluorescence intensity across the image is plotted in (B). C) 
A combined bar graph plotting the measured height on the left axis (gray bars) and elastic 
modulus on the right axis (patterned bars, inset). The error bars represent the standard 
deviation of measurements taken on independent pads (n = 3). Significant changes are not 
seen in the height or elastic modulus as a result of the BP-b immobilization. 
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2.4.3 Surface Topography Characterization 

In addition to conserving the modulus of the hydrogel, topographical changes 

must also be avoided as they too can affect cell adhesion and migration. Simultaneous 

imprinting of topographical features was considerable for photobleached pads at all 

powers tested (Figure 2.7). Laser-induced shrinking was used as an additional post-

fabrication modification to completely avoid effects on hydrogel topography from the 

BP-b immobilization scan. Relying on residual photosensitizer trapped within the 

structure after fabrication and rinsing, a laser beam is scanned through the structure 

consistent with fabrication protocols to promote further crosslinking and effectively 

condense the protein matrix. The amount of photosensitizer within a hydrogel is reduced 

with each subsequent laser scan, and crosslinking density of the protein matrix increases, 

making it more resistant to further deformation. By limiting the photosensitizer prior to 

photobleaching, structural swelling is also eliminated. Laser-induced shrinking is the 

basis for the work presented in Chapter 3, and its impact on structural properties will be 

discussed in greater detail. 

The effect of shrinking can be qualitatively assessed based on changes in the 

optical density of the pad. However, optical density is not calibrated to provide 

quantitative values. Scanning electron microscopy (SEM) is also not suited for these 

measurements because it requires the substrate to be fixed and dehydrated during 

preparation. Instead, an AFM is used to acquire topographical maps of the BSA 

structures in PBS. To ascertain whether simultaneous topography is being generated 

during BP-b immobilization, linear patterns with defined widths of 10 μm are scanned. 

Structures are scanned 6 times in a single plane positioned at one-half of the nominal 

height.  
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As shown in Figure 2.7(C), the BP-b immobilization scans imprint features of 

nearly 500 nm in photobleached only structures at the lowest powers tested. Structures 

that are laser reduced with two scans prior to photobleaching are more resistant to 

changes. For these structures, imprinted features are avoided altogether at the lowest 

power tested, and 500 nm features are created at near fabrication powers. Increasing the 

number of laser shrinking scans to four further reduces changes as a result of the BP-b 

immobilization (Figure 2.7(D)). Specific to this experiment, structures are scanned 

through multiple planes to simulate sample preparation used for cell adhesion studies. An 

upper threshold of 11 mW and 12 scans avoid structural changes to the hydrogel. These 

conditions are used for cell adhesion studies discussed in section 2.4.6.  

Additional comparisons of the topography between BP-immobilized and non-

functionalized regions do not reveal a discernible difference in surface roughness (data 

not shown). Furthermore, protein hydrogels scanned in the absence of BP-b undergo an 

identical change in surface topography (data not shown). This suggests the imprinting is 

due to the absorption of light by residual photosensitizer or the BSA, and not the 

excitation of BP-b. If structures are fabricated using alternative photosensitizers or via a 

non-photolithographic fabrication method, the effects of the BP-b immobilization scan 

could potentially be eliminated. Ultimately, the concurrent creation of topography on the 

protein hydrogels is avoided when additional post-fabrication modifications and the 

appropriate scan conditions are used. Therefore, this technique can be useful to 

investigate and decouple the effects of chemical cues from other material properties on 

cell behavior. 
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Figure 2.7: Effect of BP-biotin immobilization on topography. A) Brightfield and 
corresponding fluorescence images of BP-b functionalized BSA pads (scale bar = 50 
μm). The top row of pads were photobleached, and the bottom row were laser-reduced 
with 2 scans prior to photobleaching. The laser power or number of scans used for 
immobilization increases from right to left. All pads are scanned in a single plane at 
approximately half of the nominal height. Higher fluorescence intensity is observed for 
laser-reduced pads (black) versus non-reduced structures (gray) as shown by the 
linescans, represented by a yellow and gray line, respectively, plotted in (B). This 
difference is most likely due to the increased density of available reactive sites within the 
voxel as a result of the shrinking step. C) Topographical maps of bleached (top) and 
laser-reduced (bottom) pads after BP-b immobilization (colorbar = 1.5 μm). The laser 
power for the immobilization scan is indicated at the top of each column. A significant 
indentation is created at both powers for non-reduced structures. Less shrinking of the 
matrix occurrs for laser-reduced hydrogels, and the presence of features is eliminated at a 
9 mW scan power. D) Increasing the number of photoreduction scans to 4, further 
minimizes the structural changes created by the BP-b immobilization scan (colorbar = 0.5 
μm). A maximum of 12 scans/plane using an average laser power of 11 mW does not 
noticeably change the substrate topography relative to a control. All axes for (C) and (D) 
are in units of μm.  
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2.4.4 Production of Immobilized Chemical Gradients 

Immobilized chemical gradients have been widely used to influence cell 

migration and polarization and play key roles during development and tissue regeneration 

[82]. A significant problem associated with many of the techniques used to generate 

chemical gradients is that other properties of the material are also affected; therefore, 

effects on cell behavior cannot be attributed only to the chemical presentation. In 

addition, most techniques are restricted to simple patterns (e.g. linear) that can only be 

changed along a single axis. However, BP-b immobilization can be achieved without 

adverse affects on the material properties as shown in sections 2.4.2 and 2.4.3. In 

addition, the extent of immobilization can be controlled using an array of variables 

including laser power, the number of laser scans, and BP-b concentration as demonstrated 

in section 2.4.1. In this section, immobilized chemical gradients are produced using two 

distinct methods to modulate the laser power during immobilization: a Pockels cell and a 

grayscale mask. 

A Pockels cell applies an electric field across an optical medium to alter the 

refractive index and produce birefringence, an effect first studied by Friedrich Carl Alwin 

Pockels in 1893. The percent of light refracted can be controlled by the magnitude of the 

applied voltage. This device can be used in connection with a polarizing beam-splitter to 

effectively modulate the output power of a laser. In these studies, a function generator is 

used to apply a voltage input function to the Pockels cell at user-defined amplitudes and 

frequencies to produce an output power range from 9 – 18 mW. The triggering of the 

Pockels cell is synchronized with the BP-b immobilization scan using Labview software. 

Each scan is performed 6 times in a single plane at approximately one-half of the nominal 

height of a BSA pad. Three regions are immobilized sequentially on a single pad using a 

variety of waveforms (sine, triangle, constant) or frequencies (0.1 Hz to 10 Hz) in Figure 
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2.8. Fidelity between input functions and corresponding NA-TMR fluorescence is 

observed. Approximately a three-fold increase in fluorescence intensity over a distance of 

50 μm is achieved with very low noise using power modulation. The slope and distance 

of the gradient are adjustable by altering the input frequency and/or amplitude of the 

function generator.  

An additional technique to produce gradients is via presentation of grayscale 

photomasks using a DMD. Typically, binary masks are used to signal reflective mirrors 

on the DMD to be in the “on” or “off” position. Mirrors in the “on” position direct the 

laser beam to the back aperture of the objective, and “off” mirrors send the laser beam to 

a beam block. Gray values cause the mirrors to switch between positions rapidly, with the 

respective time in either position determined by the magnitude of the value. This 

approach has been used with other photolithographic systems to generate complex 

images and patterns of immobilized proteins [83].  Here, grayscale photomasks are used 

to control the extent of BP-b immobilization. A simple, linear gradient is created in 

Figure 2.8 using a photomask with gray values varying linearly from 0 - 255. A six-fold 

intensity change over 20 μm is achieved, indicating this technique has a very small 

working range of gray values. Identifying and isolating the effective range of gray values 

could offer much more control of the slope and distance of immobilized gradients. In 

addition to creating more complex patterns than a Pockels cell, a higher lateral resolution 

can also be achieved using the DMD.   
  



 69 

 

 

Figure 2.8: Immobilized chemical gradients. A) A representative brightfield image of a 
BSA pad (scale bare = 50 μm). (B - C) Three 10 μm stripes are immobilized on a single 
pad using a Pockels cell to modulate the laser power. The waveform and frequency are 
altered to generate a collection of gradient profiles. D) A gradient is produced using a 
grayscale photomask (inset). E) Representative linescans of NA-TMR fluorescence for a 
triangle function at 0.2 Hz (black, C: middle), sine function at 0.2 Hz (gray, B: middle), 
triangle function at 0.1 Hz (dark blue, C: bottom), constant voltage (light blue, B: 
bottom), and grayscale mask (green, D).   
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2.4.5 3D Immobilization 

3D resolution is imperative to developing biomaterials that can spatially orient 

and direct cells within engineered tissue constructs. To demonstrate 3D capabilities of 

this technique, a sequence of masks is displayed to immobilize BP-b in a spiral pattern 

presented on the surface or within conical and cylindrical hydrogels. To tune the extent of 

immobilization, laser power is modulated using a Pockels cell as described in section 

2.4.4. High resolution in all axes is achieved, and pattern fidelity is maintained. The 

primary use of BP-b immobilization in this dissertation is as surface immobilization 

technique to promote cell adhesion, but its application for the immobilization of 

biomolecules within protein scaffolds is also demonstrated. 

The cones in Figure 2.9(A, B) and (D) were fabricated using a layer-by-layer 

approach to a total height of 20 um. After rinsing, the structures were reduced using two 

and four additional laser scans, respectively, prior to photobleaching. The BP-b 

immobilization was conducted using 4 and 6 scans in a single plane, respectively, 

beginning at the base of the cones and axially stepping through the entire structure in       

1 μm increments. The increase in crosslinking density of the protein matrix and short 

NA-TMR incubation times (3 hours) restrict the NA-TMR labeling to the surface of the 

hydrogel only. The average fluorescence intensity for the spiral (Figure 2.9A) is 93 with 

a standard deviation of 11% in an 8-bit image. The deviation is most likely caused by an 

increase in scatter and beam attenuation during image acquisition as the structure 

thickness increases. A decrease in signal with axial height is consistent for all confocal 

acquisitions. Since a calibration was not established to correct for beam attenuation, gray 

values of NA-TMR patterns are only compared relative to each other. Beam attenuation 

may also occur during BP-b immobilization, and further experimentation is required to 

establish proper correction protocols. 
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In Figure 2.9(C) a spiral pattern extending 5 μm from the base into a 10 μm-tall 

cone is shown to demonstrate the ability to immobilize BP-b within 3D protein hydrogels 

as well. The fabrication and immobilization scans for this structure were performed using 

a 100X, 1.3 NA objective. The structure was not laser reduced or photobleached prior to 

immobilization. A longer incubation time (12 hours) allowed for the diffusion of NA-

TMR into the construct. Axial resolution of ~1 μm is demonstrated, proving this 

technique allows for immobilization of biomolecules with highly resolved, 3D spatial 

distribution. 

In addition to the organization of immobilized biomolecules, immobilized 

concentration can also play a role in cellular guidance. Creation of planar gradients using 

a Pockels cell and grayscale mask was discussed in section 2.4.4. To produce 3D 

gradients, a Pockels cell was used to modulate the laser power in the optical axis during 

the immobilization of BP-b spiral patterns on cones (Figure 2.10) and cylindrical posts 

(Figure 2.11). The frequency was set to span the entire power range over the time 

required for a single immobilization scan through a hydrogel (triangle function, 0.05 Hz, 

100 second immobilization scan). For certain scans, the frequency was doubled to 

immobilize the full triangle function, or the phase was shifted 180 degrees to change the 

direction of the gradient. The process was then repeated either two or four times to 

amplify the extent of immobilization for improved visualization. All fluorescence profiles 

generated along spiral patterns of the cones are plotted in Figure 2.10D. A steady 

decrease in fluorescence intensity at increasing z-axis planes is observed for constant 

immobilization powers; therefore, profiles are only assessed relative to one another. 

Although specific concentrations of immobilized NA-TMR is not determined for these 

studies, a variety of fluorescence intensity profiles are produced in 3D via laser power 

attenuation.  
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Figure 2.9: Confocal reconstructions of 3D patterned conical protein hydrogels. (A – B) 
Confocal projections of a BSA cone (blue) with an immobilized spiral pattern of NA-
TMR (white). Labeling is restricted to the surface of the cone by limiting the NA-TMR 
incubation time (scale bar = 10 μm). C) Reconstruction of sub-surface immobilization of 
NA-TMR within a 10 μm tall BSA cone. A 1.3 NA, 100X objective is used for 
fabrication and immobilization (scale bar = 5 μm). D) A top-down view (top) and angled 
view (bottom) of a surface recreation representing a conical structure with an inset top. A 
spiral of NA-TMR is immobilized around the cone and the inset feature is also patterned 
(scale bar = 20 μm). All images were created using Imaris software. 

 
  



 73 

 
Figure 2.10: Immobilized 3D gradients on conical protein hydrogels. A) Confocal 
reconstruction of conical BSA structures with immobilized NA-TMR (white) spirals that 
exhibit different intensity profiles. An angled view (top) and side view (bottom) from 
opposite perspectives are shown (scale bar = 25 μm). B) Brightfield image of the cones 
(scale bar = 50 μm). C) Z-axis projections of confocal stacks for the NA-TMR channel 
only. The extent of immobilization is altered by adjusting the number of immobilization 
scans/plane at a constant laser power (2 scans, top left; 4 scans, top right). Continuous 
gradients both increasing (bottom right) and decreasing (bottom left) with z-position are 
also produced (power range: 9 – 18 mW). D) A 20 μm moving average of numerous 
spiral traces (example of trace inset as red line) is plotted. Patterns created using 4 
scans/plane are in black (constant power – solid line, increasing gradient – dotted line), 
while patterns created using 2 scans/plane are in gray (constant power – solid line, 
increasing gradient – dotted line, decreasing gradient – dashed line). All images were 
created in ImageJ. Acquisition parameters and brightness and contrast adjustments were 
consistent. 
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Figure 2.11: Immobilized 3D gradients on cylindrical posts. A brightfield image of 20 
μm tall BSA posts (scale bar = 50 μm). B) A sequence of confocal reconstructions of the 
posts showing the protein structure (blue) and NA-TMR (white) immobilization 
wrapping 360° around the post. A top-down (top), side (middle), and angled view 
(bottom) are shown. A different immobilization protocol was used for each post to 
produce various intensity profiles in 3D space (constant power: right, triangle function: 
middle, increasing gradient: left). Mask projections used for post fabrication (C) and   
BP-b immobilization (D) are provided to show pattern fidelity is maintained. The view in 
(D) most closely resembles the side view projection in (B). The inset in (D) provides a 
top-down view of the spiral pattern.  
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2.4.6 Schwann Cell (SC) Adhesion and Patterning 

Previous results have demonstrated that μ-3D printed protein hydrogels are 

suitable for cell culture, and that incorporation of IKVAV peptides into BSA hydrogels 

increased cell adhesion [6]. SCs are the primary focus of this work, as their slow 

infiltration speed into nerve gaps post-injury is believed to be a rate-limiting step 

preventing successful regeneration [84, 85]. In an effort to control SC adhesion and 

promote polarization on μ-3D printed scaffolds, BP-b immobilization is used to 

functionalize protein hydrogels with biotinylated-RGD (b-RGD), a cell adhesive peptide 

[15]. Peptide functionalized structures display a significant increase in cell adhesion 

relative to unmodified equivalents, and the ability to precisely control adhesion sites and 

promote cell polarization is demonstrated. 

To study cell adhesion, planar BSA pads are modified with b-RGD using 

immobilization conditions that prevent structural modifications as shown in sections 

2.4.2 - 2.4.3. SC adhesion to the structures was monitored using time-lapse microscopy 

(Figure 2.12). Two hours after the introduction of SCs, the cell density is much higher on 

an RGD-functionalized region of a BSA pad. SCs flatten and remain on the RGD-

functionalized region for up to 12 hours, indicative of strong cell-matrix interactions. 

Fewer cells (2 versus 7 for RGD regions) are on the unmodified pads after two hours, and 

migrated to the modified areas over the time course of the experiment. Better adhesion is 

observed when the laser power used for immobilization is increased beyond the threshold 

to avoid structural deformation (Figure 2.12B). Extended cell adhesion on unmodified 

pads is rarely observed, except at structure edges. Linear features on the order of 1 μm 

are created at edges that may provide topographical signals to promote cell adhesion. 

Other differences at the edges, including crosslinking density and photosensitizer 

concentration, may also contribute to a differential response to photobleaching. 
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Particularly, cells exhibit a higher affinity for BSA pads that are not laser-reduced prior 

to photobleaching. Based on previous experiments from the Shear Group, the effect of 

photobleaching on cell adhesion to BSA structures is possibly due to a change in the 

effective charge of the structure [70]. Laser-induced shrinking reduces the photosensitizer 

content and minimizes changes to the structure during photobleaching; therefore, BSA 

hydrogels maintain their commonly observed non-adhesive properties. The effect of 

photobleaching on cell adhesionto hydrogels is not studied in more detail in this work, 

but could offer a simple route for patterning cells in the future.  

Methods to localize cell adhesion have been used to dictate the distribution of 

cellular co-cultures for in vitro tissue models [14, 21, 51, 86, 87]. Additionally, cell 

morphology has primary effects on cell function, and it has been controlled using arrays 

of geometrical adhesive patterns [19, 88, 89]. Specific to SCs, polarization has been 

identified as a prerequisite for myelination, and may play significant roles in 

demyelinating diseases such as Charcot-Marie-Tooth disease [90]. To demonstrate the 

capability of this technique to pattern SCs, 10 μm wide, linear patterns of b-RGD are 

immobilized on the surface of planar protein pads as shown in Figure 2.13. Cell adhesion 

and elongation is primarily restricted to the patterned regions during 12 hours of imaging. 

SC extension over 100 μm was consistently observed within RGD-patterned regions. The 

laser power used for BP-b immobilization in this study was 22 mW; therefore, 

simultaneous imprinting of ~200 nm features did occur. The 200 nm features alone, 

created by scanning in the absence of BP-b, did not promote cell adhesion or alignment.  

Cells were also patterned on 3D structures as shown in Figure 2.14 and 2.15. 

Similar to planar adhesion studies, cells only interacted with b-RGD functionalized 

surfaces. A phalloidin stain was used to visualize the f-actin filaments within the cell. 

These fibers are anchored by focal adhesions, which are strong integrin-mediated cell-
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surface attachments [91]. Expression of f-actin was co-localized with b-RGD patterns, 

demonstrating that functionalization promotes strong cell-substrate interactions.  
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Figure 2.12: Promoting Schwann cell adhesion via b-RGD functionalized BSA pads. A) 
Time-lapse sequence of SCs on partially, b-RGD functionalized BSA pads (scale bar = 
100 μm). Images were acquired at 5-minute intervals for 12 hours, and frame 1 and 24 
are shown (time stamps, in hours, located at the top right of each image) to highlight cell 
adhesion. The NA-TMR fluorescence image is overlayed in the t = 0 image to show the 
bottom half of the pad is functionalized. This division is recreated using a dotted line in 
the 2 hour image. The cell density after two hours in culture is significantly higher on the 
RGD-functionalized region. B) SCs after 14 hours in culture on BSA pads that are 
unmodified (left) or functionalized with b-RGD using immobilization powers of 11 mW 
(middle) and 22 mW (right). Scale bar = 50 μm. 
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Figure 2.13: SC patterning on immobilized regions of b-RGD. A time-lapse sequence of 
SC adhesion and migration on b-RGD patterned BSA pads. The NA-TMR fluorescence 
image is displayed as an overlay to show b-RGD patterned regions. SCs adhere to and 
align primarily within the patterned regions. A time stamp, in hours, is located at the top 
left of each image. The out of plane dark spots are from accumulated condensation on the 
bottom of the coverslip. Scale bar = 100 μm. 
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Figure 2.14: SC patterning on immobilized spirals of b-RGD on BSA cones. A) Time-
lapse sequence of SCs interacting with b-RGD functionalized cones (scale bar = 50 μm). 
Time stamps, in hours, are located at the bottom left of each frame. The spiral 
immobilization, represented by NA-TMR fluorescence, is overlayed on the brightfield 
images to aid in visualization. White arrows denote regions where cell extensions are 
interacting with the b-RGD functionalized spirals. Extended cell adhesion is not observed 
on cones without immobilized b-RGD spirals. (B-C) Cells were fixed with 
paraformaldehyde then stained with phalloidin-Alexa fluor 594 and DAPI before 
confocal imaging. The BSA (blue), NA-TMR (white), F-actin (red), and DAPI (cyan, 
drawn in to aid in visualization) channels were acquired, and 3D reconstructions were 
generated using Imaris software. Actin expression is co-localized with the b-RGD spiral 
on a cone. 
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Figure 2.15: SC adhesion on immobilized spirals of b-RGD around a cylindrical BSA 
post. A) Time-lapse sequence of a SC interacting with a b-RGD functionalized post 
(scale bar = 50 μm). Time stamps, in hours, are located at the bottom left of each frame. 
B) A 3D reconstruction of the spiral immobilization mask used with a top-down view 
inset within the image. (C-E) The cell was fixed and stained with phalloidin-Alexa fluor 
594 and DAPI, then imaged using confocal microscopy. The BSA (blue), NA-TMR 
(white), F-actin (red), and DAPI (cyan) channels were acquired. 3D reconstructions were 
generated using Imaris software. A single slice 10 μm above the base of the cone is 
provided in (C). Two side views rotated slightly are shown with the structure and pattern 
represented as surfaces (D-E). Actin expression is co-localized with b-RGD 
functionalized regions on the post. 
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2.5 CONCLUSIONS 

This chapter demonstrates the potential of an MPE-induced BP-b immobilization 

to render μ-3D printed protein scaffolds biofunctional. Precise control over the 3D spatial 

organization and the extent of BP-b immobilization both on and within protein scaffolds 

is exhibited. Conditions are identified that allow for tunability of the chemical 

presentation without altering the mechanical or topographical properties of the substrate. 

This technique could be used to investigate the response of cells to chemical, mechanical, 

and topographical signals independent of each other in 3D tissue scaffolds. Ultimately, 

BP-b immobilization using MPE provides a versatile platform for the chemical 

modification of various proteins and polymers that could be applied to any cell culture 

system.  

To improve upon the results presented here, future work should focus on 

synthesizing water-soluble BP-conjugates. Direct conjugation of biomolecules to the BP 

could also be valuable to avoid the requirement of NA-biotin binding chemistry. These 

modifications would allow for dynamic chemical changes to be made in situ to the 

underlying substrate of cells. Additional studies could investigate the cellular response to 

immobilized chemical gradients. Preliminary efforts to promote directional migration 

were unsuccessful, but only a limited number of cell phenotypes and biomolecules were 

evaluated. 
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Chapter 3:  Real-time topographical and mechanical manipulation of 
three-dimensional (3D) protein hydrogels 

3.1 CHAPTER SUMMARY 

Structural properties of the extracellular matrix (ECM), including topography and 

stiffness, have profound effects on cell behaviors such as differentiation, migration, and 

morphology [1, 2]. While ample details regarding cellular probing using 

mechanotransduction are understood, many questions remain unanswered regarding the 

underlying mechanisms of cellular interpretations to these cues, and what roles they play 

in development, regeneration, and disease [3-5]. Cellular studies are commonly 

performed within static culture environments that lack the highly dynamic, cell-matrix 

interactions that occur in vivo [6]. Cells are constantly remodeling their surroundings by 

secreting ECM proteins/proteases, and by applying traction forces to the environment 

through integrin-mediated adhesions [7, 8]. A limited number of cell culture systems can 

provide dynamic and spatiotemporal control capable of mimicking these conditions in 

vitro.  

This chapter describes a novel method to rapidly remodel the topographical and 

mechanical features of micro-three dimensionally printed (μ-3DP) protein hydrogels. 

Previous work in the Shear Group has demonstrated the viability of μ-3DP protein 

hydrogels as substrates for cell culture [9-11]. Here, a multiphoton excitation (MPE)-

based shrinking technique is introduced to manipulate two substrate properties essential 

for tissue engineering scaffolds: topography and stiffness. Residual photosensitizer 

partitioned in the hydrogel after fabrication is exploited to promote additional 

crosslinking when exposed to a tightly focused, near-infrared mode-locked laser beam. 

Additional crosslinking condenses the protein matrix at a localized, 3D voxel positioned 

within a hydrogel, which translates to imprinted topographical features on the hydrogel 
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surface. The size and geometry of the imprinted features are defined using a combination 

of digital photomasks and laser scanning parameters, including laser power, location of 

scan planes, and the number of scan repetitions to achieve up to a five-fold reduction in 

volume. Imprinted features that result in a 30% reduction in structure height, equivalent 

to 3 – 5 μm, are created without altering the mechanical or chemical properties of the 

surface. When optical planes closer to the hydrogel surface are selectively scanned, the 

elastic modulus of the hydrogel increases approximately six-fold, from 15 to 90 kPa. This 

response is characterized, and then used to imprint substrates with indistinguishable 

topographies and dramatically different moduli. Gradients of substrate stiffness are 

generated by temporally attenuating the laser scan power used for imprinting that could 

be used to study durotactic migration. Since the laser beam is confined to a small voxel 

(~ 1 μm3) within the structure, in situ, real-time modifications are made without 

noticeable effects on the health of adherent cells. This proof-of-concept study opens the 

door for future investigations of cellular responses to dynamic and spatiotemporal 

modifications of topography and modulus on biologically relevant, in vitro culture 

systems. Additionally, this technique can be used to decouple cellular responses to 

mechanical and topographical presentations in biologically relevant stiffness domains. 

3.2 BACKGROUND AND MOTIVATION 

The cell-matrix interaction is a constantly evolving, two-way dialogue that is 

continuously remodeled via degradation, assembly, and tensile processes [12]. The 

specific properties of native ECM are critical in maintaining tissue homeostasis and 

regulating cell behaviors such as proliferation, differentiation, migration, and death [13]. 

Dynamic changes to the ECM occur most notably during development, regeneration, and 

disease [7, 12]. The static culture environments that are primarily used to study cells in 
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vitro do not provide a means to study cellular responses to spatiotemporal manipulations. 

Although various mechanisms for cellular probing of ECM properties have been 

discovered, little is understood regarding how dynamic changes to the ECM affect cell 

behavior [4]. In recent years, responsive and trigger-sensitive platforms have been 

developed to study some dynamic aspects of cell-matrix interactions. These platforms 

have revealed previously undetectable relationships between matrix stiffening and gene 

expression for example, and could eventually lead to a better understanding of embryonic 

development and disease progression [6].  

3.2.1 Dynamic Topographical Presentations  

Sub-cellular surface topographies have broad applications for a variety of tissue 

engineering paradigms [1, 14]. Effects of grooved topography on the alignment and 

migration of many cell types on planar surfaces are well documented [14-16]. Extensive 

studies have also explored the roles of feature depth, pitch, and geometry [17-20]. It is 

believed that topography guides cell migration/growth by directing the distribution of 

cytoskeletal proteins, integrins, and focal adhesion complexes [21-25]. Another 

potentially important driving force is nuclear distortion, which is known to have 

significant effects on gene expression [26, 27]. A combination of these two effects most 

likely contributes to topographical control of cell behavior. Platforms capable of 

delivering dynamic topographical control will provide more insight into the underlying 

mechanisms that govern cell behavior. 

Direct observations of dynamic topographical guidance in vivo are limited. One 

example was discovered in the cortex of brain, where neurons extend axons along tracks 

of radial glial cell protrusions [28-30]. In this specific case, the glial cells may provide 

additional trophic support in addition to topographical cues. Ono et al. also observed 
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neuronal migration along parallel ECM fibers in the medulla oblongata, and provided 

sufficient evidence to ensure development of fibers preceded cell migration [31]. Despite 

limited evidence implicating topography directly during embryonic development in other 

systems, the importance of cell polarization for tissue morphogenesis is well established 

[32-34]. Additionally, a loss of cell polarity is a contributing factor in the progression of 

diseases, such as fibrosis and cancer [34-37]. Technologies capable of altering the 

topography rapidly and in situ are necessary to clarify the specific roles of ECM 

topography relating to these phenomena. 

3.2.2 Relevance of Dynamic Mechanical Properties 

Cells interact with surrounding environments via integrin-mediated adhesions to 

probe matrix properties such as ligand density and viscoelasticity [38]. Matrix mechanics, 

and more specifically stiffness, can dictate cell behaviors such as migration, morphology, 

and differentiation through mechanotransduction signaling pathways [2]. Additionally, 

patterns of matrix stiffness are capable of promoting cell adhesion, polarization, and 

migration in the absence of additional cues [39, 40]. Sub-cellular variations in stiffness 

have also shown great promise for elucidating intracellular mechanisms and promoting 

localized intracellular responses [41, 42]. 

Dynamic changes in ECM mechanics are critical for many developmental and 

regenerative outcomes. Localized degradation by cell-secreted proteolytic enzymes 

precedes 3D cell translocation [43]. Upregulation of enzyme secretion is observed during 

inflammation and tissue repair to enhance infiltration of fibroblasts and macrophages to 

the affected site [44]. Conversely, matrix stiffening is also a physiologically relevant 

phenomenon that results from increased protein deposition and crosslinking [45]. 

Increases in matrix mechanics usually accompany aging, injury, and disease states, 
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including cancer and artherosclerosis [46-50]. Matrix stiffening has classically been 

considered an outcome of disease, but was recently identified as a primary contributor to 

disease progression in numerous studies [51-54]. In cancer metastasis specifically, cell 

proliferation and migration are enhanced due to stiffer matrix properties [55, 56]. 

Deciphering the spatiotemporal response to matrix mechanics could lead to better 

treatments for these diseases; however, a dearth of culture systems exist to evaluate these 

interactions. 

3.2.3 Dynamic Culture Systems for In Situ Studies 

Stimuli-responsive culture systems are required to recapitulate dynamic cell-

matrix interactions in vitro. Hydrogels that react to biomolecular cues, such as protease 

sensitive polymers, are valuable for translational studies; however, user-defined triggers 

are preferred to evaluate cellular responses to stimuli with high temporal resolution [57-

59]. To evaluate cell-matrix interactions, technologies must provide spatiotemporal and 

independent control of chemical, mechanical, and topographical signals. Despite the 

potential impact, platforms that are capable of modulating stiffness and/or topography in 

the presence of cells in real-time are limited. These transitions can be activated via 

externally applied forces, light, or environmental stimuli such as pH and temperature. 

Physical triggers are procedurally simple, and do not require expensive 

equipment. External forces (e.g. compression) have been applied to soft materials, such 

as polydimethylsiloxane (PDMS), to create reversible grooves for studying the temporal 

nature of cell alignment [60, 61]. These studies revealed that stem cell alignment 

decreased slightly with culture time and at higher cell densities, but the ability of cells to 

align is generally preserved and reversible for many cycles. PDMS however, is not an 

ideal substrate for most physiological systems because of its stiffness (~1 MPa), and the 
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compression only produces pre-defined topographies created via plasma oxidation. To 

simulate matrix stiffening, Riveline and colleagues inserted a needle beneath the surface 

of filopodia to stimulate mechanosensing pathways [62]. In a similar study, optically 

manipulated glass beads also increased focal adhesion expression at cell binding sites 

when an external force was applied [63]. These were the first studies to successfully 

evaluate cellular responses to dynamic changes in the apparent stiffness of the 

surrounding microenvironment, and motivated the development of less invasive 

platforms. 

Hydrogel systems triggered by chemical stimuli have also been evaluated as 

dynamic culture systems. Collagen-and-alginate-based composite hydrogels stiffen with 

the introduction of calcium ions due to physical crosslinking between the alginate chains 

[64]. Mean cell area, a common assessment of cell adhesion, increased during periods of 

gel stiffening. This effect was negated when calcium chelators, such as citrate, were 

introduced to soften the matrix. Unfortunately matrix stiffening is not isolated within this 

system, as calcium is also a signaling molecule that is associated with a multitude of 

intracellular signaling cascades [65]. Other self-assembling hydrogels that function via 

DNA and thiol-based chemistries also have been used to simulate matrix stiffening [66, 

67]. Each of these approaches however, is hindered by slow reaction kinetics (> 4 hours), 

increase the crosslinking density, and is irreversible. Many materials also swell or 

contract in response to pH, as changes to charges within the polymeric network 

redistribute intra- and intermolecular forces. The Shear Group has studied the response of 

various protein hydrogels to pH changes extensively, but has not yet applied this work to 

mammalian cell culture [11]. Yoshikawa et al. developed tri-block copolymers that 

exhibit a 40-fold change in stiffness between a pH transition from 7 - 8 [68]. Projected 

cell area was tuned using sequential step changes in stiffness; however, possible 
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contributions from pH, hydrophobic interactions, and porosity cannot be neglected. At 

present, no established chemically responsive system offers 3D-spatial control on a sub-

cellular scale. 

Temperature-responsive platforms have been investigated primarily as injectable 

drug and cell delivery scaffolds. However, interest in dynamic culture systems has 

propelled the use of thermally responsive polymers, including N-isopropylacylamide and 

pluronic, to modulate surface topography and mechanical properties [69-72]. Numerous 

shape memory polymers (SMPs) have also been designed to present topographical 

changes with temperature transitions [73, 74]. However, SMPs can only cycle through a 

maximum of four confirmations, and the topography cannot be adjusted after the initial 

design is established [75]. Most temperature transitions of SMPs are designed to occur 

between 20°C and 50°C, which is a concern for temperature stimulated transitions 

because even short deviations from physiological temperatures could induce a stress 

response in the cells [76]. In addition, improvements are needed to provide spatial and 

real-time control over substrate properties.  

Light-activated systems offer both temporal and spatial control of hydrogel 

properties. The Anseth Group developed the first photolabile polyethylene glycol (PEG) 

hydrogel by incorporating nitrobenzyl monomers that degrade when exposed to 

ultraviolet (UV) or two-photon wavelengths [77]. They demonstrated the ability to 

dynamically tune the mechanical and topographical features of the hydrogel in situ to 

control cell differentiation, migration, and alignment [78-81]. However, photo-erosion 

completely destabilizes existing cell-matrix adhesions, preventing the evaluation of 

adherent cellular responses to dynamic changes on short time scales. A decrease in matrix 

mechanics is also not as significant of a factor as matrix stiffening in tissue 

morphogenesis and disease progression. Hydrogels that stiffen with light exposure 
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usually involve sequential crosslinking steps, such as methacrylated-hyaluronic acid gels 

used by Burdick and colleagues [82, 83]. Stiffening from 3 to 30 kPa was prompted via 

additional UV exposure at various time points over 14 days to control the phenotypic 

populations of MSCs. Noticeable changes in cell area and motility were also reported 

within 4 hours of stiffening. Other light responsive systems based on synthetic polymers 

and peptides have potential, but have not been used in the presence of cells [40, 84].  

Light-responsive systems are advantageous because they provide spatial control 

and rapid reaction times. Unfortunately, most of these systems also require toxic 

photosensitizers and/or induce simultaneous changes to multiple structural and 

mechanical properties. Overall, these dynamic platforms are beginning to gain traction 

and results that recreate some aspects of complex cell-matrix interactions in vitro are 

encouraging. A major challenge that still lies ahead is conceiving methods that can 

decouple many of the material properties known to influence cells. Systems activated 

using MPE, such as the work presented here, may provide control and resolution 

necessary to answer lingering questions regarding dynamic cell-matrix interactions.   

3.3 MATERIALS AND METHODS 

3.3.1 Reagents 

Bovine serum albumin (BSA, BAH64) was obtained from Equitech-Bio 

(Kerrvile, TX), and rose bengal (RB, 33000) was purchased from Sigma Aldrich (St. 

Louis, MO). To promote cell adhesion gelatin (G2500, Sigma Aldrich) was included in 

fabrication solutions. Sterile, phosphate buffered saline (PBS, SH3026401) solution was 

purchased from Thermo Scientific (Waltham, MA). Alexafluor-488 phalloidin (A12381) 

was purchased from Life Technologies (Carlsbad, CA). Cell culture mediums including 

Dulbecco’s modified eagles medium (DMEM, high glucose, SH30022) and Leibovitz  L-
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15 (SH30525) were purchased from Fisher Scientific. Mitogenic factors used to maintain 

SC cultures including bovine pituitary extract (BPE, P1476) and forskolin (F6886) were 

acquired from Sigma Aldrich. Fetal bovine serum (FBS, SH3008803), bovine calf serum 

(SH3007203), and trypsin (SH3004201) were purchased from Fisher Scientific. Penicillin 

streptomycin (PSA, 1507-063, Life Technologies) was used as a general antibiotic in 

experimental media. Ethanol (04-355-451) used for sterilization was purchased from 

Fisher Scientific. Type I Collagen (354249, BD Biosciences) was used to coat BSA 

hydrogels for cell adhesion. All reagents were stored in a manner consistent with the 

supplier’s recommendations. 

3.3.2 Fabrication of Protein Hydrogels 

The instrumentation used to fabricate protein hydrogels is depicted in Figure 1.2, 

and the digital micromirror devide (DMD)-directed multiphoton lithography (MPL) 

technique has been described in Chapter 1 and other previously published work [9, 85-

88]. Briefly, a mode-locked Ti:S oscillator (Coherent, Mira 900F) was pumped by a 532-

nm frequency doubled diode laser (Coherent, Verdi, 10 W). The output wavelength was 

tuned to 740 nm and directed through a sequence of optics into the back aperture of a 

microscope objective (40X/1.3 NA, Zeiss Fluar). A half-wave plate and polarizing 

beamsplitter were used to attenuate the laser power manually so that the average laser 

power measured at the back aperture of the objective was between 18 - 22 mW. A dual-

axis, galvanometer-driven scan mirror obtained from a dismantled confocal microscope 

(Leica, TCS-4D) was used to raster-scan the laser beam at user defined waveforms, 

frequencies, and amplitudes. For large structure fabrication, the scan mirror was set to 

scan only in a single axis (the fast axis), and an automated stage (model 562, Newport 

Corporation) was used to translate the sample relative to the focal plane in the orthogonal 
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axis at a velocity of 20 μm/s [89]. Prior to reaching the objective, the beam was focused 

on the face of a DMD (BenQ, MP510) with individually addressable mirrors located in a 

plane conjugate to the focal plane of the objective. By displaying a binary digital 

photomask, the mirrors were positioned to reflect the beam toward or away from the 

objective. Binary images were created in Photoshop (Adobe, San Jose, CA), ImageJ 

(National Institutes of Health, Bethesda, MD), and PowerPoint (Microsoft Corporation, 

Santa Rosa, CA). The beam was re-collimated using a tube lens and reflected into the 

objective on a Zeiss Axiovert 135 microscope via a dichroic mirror.  

Protein hydrogels were crosslinked to No. 1 coverslips (Fisher Scientific) or No. 

1.5 welled-coverslips (Fisher Scientific) for cell experiments. A fabrication solution of    

400 mg/mL BSA and 10 mM RB was used to fabricate BSA hydrogels. For some studies, 

specifically when cell adhesion was desired, a fabrication solution composed of 300 

mg/mL BSA, 100 mg/mL gelatin, and 15 mM RB was used. The beam was focused into 

the fabrication solution and raster-scanned to crosslink protein layers. 3D features were 

created using a layer-by-layer approach, synchronizing the presentation of digital masks 

with incremental stage translation in the optical axis. All communication between 

equipment was coordinated using Labview software (National Instruments, Austin, TX). 

Axial step sizes were set between 1.0 – 1.5 μm for all structures. Residual fabrication 

solution was removed using a series of PBS washes, elevated temperatures (50°C) were 

used for gelatin removal, and hydrogels were stored in PBS at room temperature. 

3.3.3 Laser Shrinking 

After rinsing, protein hydrogels were re-scanned with the laser beam used for 

fabrication. The average laser power used for laser shrinking was 22 mW, measured at 

the back aperture of the objective, unless otherwise stated. The initial scan plane was 



 100 

manually focused on the base of the hydrogel then scanned layer-by-layer through the 

entire height of the structure. Axial step sizes of 1 μm were used for all scans. This 

procedure was repeated up to 4 times to maximize the extent of contraction. An 

alternative protocol was used for matrix stiffening, where the initial scan plane was 

established relative to the base by translating the automatic stage a user-defined axial 

distance. The hydrogels were scanned up to 4 times in a single plane at a stage velocity of 

20 μm/s. The stage was then translated an additional distance of 1 μm axially, and the 

laser scanning procedure was repeated. Independent of the protocol used, shrinking of a 

single hydrogel required less than 10 minutes to complete. When stated, the hydrogels 

were photobleached using a 30 minute exposure to the “full” output of a tungsten-

halogen arc lamp reflected onto the sample via a 99/1 mirror. 

3.3.4 Atomic Force Microscopy 

An atomic force microscope (AFM, MFP-3D-BIO, Asylum Research) was used 

to acquire all force curves and topographical images. Protein hydrogels were submerged 

in PBS for the duration of data acquisition. For modulus measurements, a gold-coated 

cantilever (silicon, k = 3.8 N/m, PT.GS.AU, Novascan) with an attached 10-μm-diameter 

borosilicate bead was used to generate deflection versus displacement curves. Matlab was 

used to automate the data analysis, except for the selection of the contact point. The 

program implemented a while loop to fit the Hertz model to the experimental data until a 

maximum R-squared value was obtained. A 5% strain limitation was imposed, equivalent 

to an indentation depth of approximately 300 nm. Height values were obtained by taking 

the difference between the z-position of hydrogel contact and an adjacent glass 

measurement. All hydrogels measured were taller than 7 μm, the experimentally 

determined value to avoid sensing the underlying substrate, unless otherwise noted.  
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Topographical images were acquired in ‘contact mode’ using a triangular-shaped 

cantilever (silicon nitride, k = .17 N/m, MSCT, Veeco) with a pyramidal tip (2.5 – 8 μm 

tall, 40-nm-radius). A setpoint between 0.3 – 0.5 deflection volts was used to maintain 

contact. Imaging frequency (0.20 – 0.5 Hz), scan area, and pixel resolution were 

optimized for each sample. The z-position channel was saved as a tab-delimited text file, 

and then imported into Matlab to generate surface plots. 

3.3.5 Cell studies 

NIH-3T3 fibroblasts (CRL-1658) and Schwann cells (SCs, S16, CRL-2941) 

harvested from rat sciatic nerve were purchased from the American Type Culture 

Collection (ATCC). Fibroblasts were cultured in high glucose, DMEM with 10% (v/v) 

BCS. SCs were maintained using previously published protocols [90]. In brief, SCs were 

kept in DMEM, high glucose media containing 10% (v/v) FBS, 2 μM forskolin, and 30 

μM BPE. Cells were passaged using 0.25% trypsin (1X) every 4 – 7 days. A phosphate 

buffered experimental media (L-15, 1% serum, 1% PSA) was used during time-lapse 

image acquisition. The environmental chamber is described in detail in section 2.5.7. All 

hydrogels were sterilized using a 30 second exposure to ethanol. For BSA hydrogels, a 

collagen coating was applied to promote cell adhesion. Collagen was diluted to a 

concentration of 0.1 mg/mL in a 30% ethanol solution, and incubated a minimum of      4 

hours at room temperature. Cells were incubated between 30 minutes and 4 hours after 

plating to allow for cell adhesion prior to imprinting. Care was taken to minimize 

ambient light exposure and time outside of an incubator during scanning. Cells were then 

placed back in the environmental chamber for continued time-lapse acquisition. 
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3.4 RESULTS AND DISCUSSION 

Protein hydrogels can be μ-3DP to exhibit desirable chemical and mechanical 

properties for cell culture by altering the protein composition or fabrication parameters. 

Many protein and polymer hydrogels have been made using MPL to create dense 

hydrogel networks with preserved biological activity [9, 11, 91]. Biotinylated proteins or 

the benzophenone-biotin immobilization described in Chapter 2 can also be used to 

tailor the chemical presentation of the hydrogels [10]. In addition to hydrogel 

composition, fabrication solution concentrations (protein and photosensitizer), fabrication 

laser power, and objective selection are some that can be used to tune the hydrogel 

modulus during fabrication. Ranges of moduli from 1 kPa to 1 MPa for protein hydrogels 

have been reported [89, 92]. Here, protein hydrogels used to demonstrate topographical 

manipulation, matrix stiffening, and modulus studies (sections 3.4.1, 3.4.4 – 3.4.6) are 

composed of BSA. For cell studies, BSA/gelatin composite hydrogels are used to 

promote cell adhesion (sections 3.4.2 – 3.4.3). The nominal stiffness of these hydrogels 

ranges from 7 – 15 kPa. Additional tuning of protein composition or hydrogel modulus 

was not within the scope of this proof-of-concept study.  

3.4.1 Laser-Induced Shrinking 

In this section, protein hydrogels are manipulated post-fabrication using an MPE-

based approach. The same laser source used for fabrication is focused within the hydrogel 

after fabrication and rinsing to promote localized excitation of residual photosensitizer. 

Rose bengal is retained with the protein hydrogel because it partitions within 

hydrophobic pockets of the BSA and can be trapped within the densely crosslinked 

matrix via intermolecular interactions. The photosensitizer forms highly reactive, singlet 

oxygen species that further crosslink the protein matrix, leading to matrix contraction. 

The contraction can be uniformly distributed throughout the matrix or spatially confined 
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using dynamic masking to imprint sub-cellular surface topographies, as shown in Figure 

3.1. Gradient photomasks are also displayed on a DMD to modulate the laser fluence for 

imprinting multifaceted, 3D topographies as shown in Figure 3.1D. In Figure 3.1C, a 

nearly five-fold reduction in hydrogel volume is achieved when the laser is scanned 

through the entire hydrogel. Reducing the crosslinking during fabrication or maximizing 

the laser power and number of laser scan repetitions used for imprinting can further 

increase the extent of contraction. 

In Figure 3.2, the creation, then elimination, and finally reversal of a feature is 

achieved using sequential laser scans. First, a flat BSA pad was fabricated to have a 

nominal height of 10 μm. For the initial imprint, a digital photomask of a 40 x 40 μm 

white square with a centered 20 x 20 μm black square overlay is used to form a 2-μm tall 

elevation. This elevation is subsequently reduced to a few hundred nanometers by 

imprinting while displaying the inverse of the initial photomask. Further imprinting using 

the same photomask resulted in the creation of an approximately 1-μm depression. This 

strategy of creating and eliminating features could be useful for studying cell cycling 

between grooved and flat substrates. Although hydrogels are stable for months in buffer, 

future studies should assess how storage might impact the shrinking potential of 

hydrogels after many days in cell culture. Further exploration of fabrication parameters, 

photosensitizer loading, and shrinking methods are also needed to optimize the effects of 

laser shrinking. 
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Figure 3.1: AFM surface representations of imprinted protein substrates. A) An 
unmodified protein pad. B) An “island” imprinted on the pad by scanning an annular 
binary mask (inset) through the entirety of the structure. C) A 3 x 3 array of protein pads 
that were originally fabricated to stand 7-μm-tall. Three of the structures were uniformly 
imprinted to reduce the volume five-fold. A brightfield image of the array is provided in 
the inset (scale bar = 10 μm). D) A grayscale gradient mask (inset) was used to imprint an 
originally flat pad (as in A) to create a complex topography with rounded edges. All axes, 
including the colorbars, are in units of μm.  
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Figure 3.2: Sequential feature creation and subtraction. (A – C) AFM surface 
representations of protein pads that were originally flat. A) A 2-μm-tall elevation is first 
created by imprinting a hollowed square. B) The elevation is nearly eliminated after a 
secondary laser scan where the inverse photomask from (A) was displayed. C) The 
central elevation was scanned further to create a depression where the elevation first 
stood. The figure shows three separate structures. The scan dimensions for the figures are 
50 x 50 μm, and the colorbar is in units of μm.  
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3.4.2 Effect of Laser Shrinking on Elastic Modulus 

Dynamic topographical modifications must be created without altering the surface 

chemistry or modulus in order to decouple the effects of these cues. A major advantage of 

laser shrinking is that the surface is not exposed; therefore, the original chemical 

presentation of the surface is maintained. To evaluate the effect of shrinking on the 

modulus of the gelatin/BSA hydrogels, structures were uniformly imprinted beginning at 

the base of the hydrogel and stepped axially (1-μm-increments) through heights ranging 

from 20 - 75% of the nominal height. The scanning procedure was repeated a total of four 

times. The microscale compressive modulus was measured using an AFM, and relative 

comparisons were made between scanned structures and un-scanned controls.  

Topographies can be created without perturbing the apparent modulus of the 

protein hydrogel, shown in Figure 3.3, when scan planes are maintained below 50% of 

the nominal height. This percentage equates to a distance from the surface of 

approximately 5 μm. Similar results are obtained for BSA hydrogels and are presented in 

section 3.4.4. In stark contrast to BSA hydrogels, the modulus of BSA/gelatin composite 

hydrogels decreases as planes approaching the hydrogel surface are scanned. This 

apparent softening could be due to the crosslinking of residual pre-fabrication solution 

trapped within the hydrogel. The photosensitizer retained within the matrix is 

considerably lower for BSA/gelatin composites after rinsing than in BSA hydrogels, a 

condition that could produce a less stiff matrix than the original fabrication. Another 

possibility is that bonds are being broken rather than formed during laser shrinking, 

degrading the gelatin. 

How AFM modulus measurements relate to cellular mechanosensing is unclear. It 

is generally accepted that cells can detect stiffness variations at depths approximately 

equal to their radius, although depths up to 100 μm have also been reported [93-97]. 
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Reported differences for critical thickness most likely depend on the behavior and cell 

phenotype being evaluated, as well as the mechanical properties of the gel [98]. Engler 

and colleagues monitored smooth muscle cell spreading on thin films of polyacrylamide 

with thicknesses and moduli ranging from 5 – 70 μm and 1 – 8 kPa, respectively. No 

changes in cell morphology were observed at any gel thickness, even on the softest gels 

[99]. These results suggest that imprinting can be achieved without triggering additional 

mechanotransduction pathways, as long as sufficient distances from the surface are 

maintained during scanning. 
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Figure 3.3: Effect of imprinting on Young’s modulus of gelatin/BSA protein hydrogels. 
The relative height (gray bars, left axis) measured as the final/initial height is displayed to 
show hydrogel contraction is achieved. The corresponding average Young’s modulus 
(blue bars, right axis) of a minimum of 3 hydrogel is also plotted. The x-axis represents 
the percentage of the nominal height where the laser was scanned during imprinting. The 
error bars represent standard deviations (+/-) of the measured structure height and 
modulus (* - p value < 0.05 with respect to all other groups).  
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3.4.3 In Situ Imprinting 

One application for this technology is studying cellular responses to dynamic 

changes in substrate topography. Since laser shrinking is conducted below the surface, 

substrates can be imprinted directly under adherent cells as shown in Figure 3.4 and 

Figure 3.5. This technique also allows for feature localization relative to the position of 

an adherent cell, unlike SMPs that have predefined features. Topographical 

manipulations are rapid, requiring only minutes to complete. Although there is a 

possibility for oxidative damage due to singlet oxygen generation from rose bengal, the 

adherent cells remain vital and motile for many hours after imprinting.  

In Figure 3.4, a protein hydrogel is imprinted within 30 minutes of plating 

fibroblasts and before the cell of interest flattened on the substrate. The cell is recessed 

into a 2-μm-deep, 10-μm-wide divot located in the center of an elevated “island,” that 

was also created via laser shrinking. The depth of the “island” is 4 μm larger because the 

entire height of the hydrogel was scanned. Caution is taken to avoid scanning the laser 

beam directly through the cell by remaining a minimum of 3 μm below the nominal pad 

height. The cell interacts with the features and remains motile for 12 hours after 

imprinting, the maximum observation time. No specific or adverse effects on the cells 

from the imprinted features are qualitatively observed. 

In Figure 3.5, spirals are imprinted beneath the lamellipodium of two SCs that are 

adhered to a collagen coated, BSA hydrogel. Both cells extend filopodia into the patterns, 

and eventually migrate in the direction of the imprinted features. Other feature 

architectures that were generated in situ are shown in Figure 3.6. Attempts have not been 

made to quantify the effects of dynamic topographical presentation on cell behaviors. 

Studies to evaluate cell alignment in response to evolving spatial cues at defined 
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timepoints are ongoing. In the future, sub-cellular features can be imprinted to study 

intracellular signaling mechanisms and focal adhesion dynamics of adherent cells.  
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Figure 3.4: Imprinting a BSA/gelatin hydrogel beneath an adherent fibroblast. A) 
Brightfield image acquired during imprinting procedure. A fibroblast is isolated on an 
“island” and recessed using laser shrinking 30 min after plating (scale bar = 10 μm). The 
cell is adherent but is not flattened. The bright line denoted by the white arrow is the 
reflection of the laser beam. (B - C) Time-lapse acquisition of the cell after hydrogel 
imprinting. Time stamps, in hours, are located at the top right of each image. The cell 
flattens and interacts with the imprinted features, as shown in (B). After 12.5 hours, the 
cell migrates away from the features as shown in (C). D) Topographical map of the 
imprinted hydrogel acquired using AFM after fixing the sample with formaldehyde. The 
“island” height is 6 μm, and the centralized divot is approximately 3-μm-deep. Colorbar 
scale is in units of μm. 
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Figure 3.5: Imprinting beneath adherent SCs. A) A brightfield image captured during 
imprinting, conducted after cells adhered to collagen coated, BSA hydrogels (~4.5 hours 
after initially plating the cells). The lamellipodia of the SCs are specifically targeted with 
this scan. The reflection of the laser beam, denoted by white arrows, is displayed to show 
the beam position directly below the cell. B) A brightfield image of the resultant structure 
after the conclusion of the imprinting process. Two spirals are imprinted to target 
adjacent cells. (C – E) Time-lapse of the cells was after imprinting. Time stamps, in 
hours, are displayed at the top right of each frame. C) Shortly after imprinting, SC 
filopodia are observed extending into the spiral features. E) The SCs migrate onto the 
imprinted spirals ~ 5 hours after imprinting. Scale bars = 50 μm.  
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Figure 3.6: Surface representations of cells on gelatin/BSA hydrogels with imprinted 
features. Numerous features are imprinted below cells; micropost arrays (A), grooves (B), 
and an annulus (C). All axes are in units of μm, including the colorbars. D) Fluorescence 
image that corresponds to the image area in (C). Cells were stained with Alexa fluor 488 
phalloidin, and imaged using a fluorescein filter set.   
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3.4.4 Tuning the Elastic Modulus 

Matrix stiffening is a common pathological trait associated with tumor 

development and artherosclerosis [100]. Whether a stiffer matrix is an outcome or cause 

of disease is still contested, as few technologies exist to study dynamic effects of matrix 

stiffening on cell behavior. In addition, currently outfitted technologies cannot decouple 

the effects of changes in modulus from other structural or chemical stimuli. To 

demonstrate that the hydrogel modulus is tunable via laser shrinking, BSA hydrogels 

were fabricated to a nominal height of 14 μm. Laser shrinking was conducted through a 

3-μm-axial-section of the hydrogel. A single plane was laser scanned 4 times, and then 

the focal plane was axially stepped 1 μm toward the surface prior to repeating the laser 

scan. The initial scan plane was set at defined distances from the base of the hydrogel 

using a motorized stage.  

When planes closer to the hydrogel surface are scanned with the laser, the 

apparent modulus of the hydrogels increases up to five-fold as shown in Figure 3.7. The 

larger standard deviation observed at higher stiffness is a product of the probe limitations 

and quality of the Hertz model fit (decreased r-squared values). For AFM measurements, 

it is important to match the probe spring constant with the matrix mechanics. Here, 

relative values are desired; therefore, the same probe and conditions are used to acquire 

all force curves. The apparent hydrogel modulus is only affected when scanning within a 

4-μm-distance from the surface, similar to the results obtained in section 3.4.2 with 

BSA/gelatin composite hydrogels. Alternative laser scanning protocols may expand the 

range of or provide finer control over the apparent modulus. For these studies 

specifically, the surface of the structure is not always avoided during the laser scan. 

Furthermore, the reduction in height is consistent regardless of the position of the 

initial scan plane as shown in Figure 3.7B. Since indistinguishable topographies can be 
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created with dramatically different moduli, this will provide a means to study the 

interplay of topography and stiffness in a more serial, systematic fashion. Few studies 

have assessed the effects of these two properties independently, and the majority of 

substrates have moduli outside of physiologically relevant ranges [100-104]. 

Collectively, these examples suggest stiffer matrices promote cell alignment and 

migration: however, only a limited number of parameters and cell types have been 

evaluated. 

The absolute range of modulus demonstrated in these studies is theoretically 

tunable using a plethora of available parameters. Hydrogel composition, fabrication 

solution concentrations (protein and photosensitizer), fabrication laser power, and 

objective selection are some options for tuning the resultant hydrogel modulus during 

fabrication [89]. Post-fabrication modifications such as photobleaching or solution pH 

can also have profound effects on the swelling properties and modulus of the hydrogels 

[92, 105]. Here, the impact of photobleaching on the elastic modulus of hydrogels is 

evaluated. When stated, BSA hydrogels were laser reduced prior to photobleaching by 

scanning through the entire height of the structure. Photobleaching was performed using 

a 30 minute exposure to the “full” output of a halogen arc lamp. A nearly 30% increase in 

the height is measured for control structures after photobleaching, which corresponds to a 

50% reduction in the modulus as shown in Figure 3.8. Hydrogels that are laser scanned 

prior to photobleaching were more resistant to swelling, and additional scans enhanced 

this effect. Photobleaching also mitigates the matrix stiffening effect of laser shrinking, 

reducing the achievable range to 12 – 58 kPa from 15 – 90 kPa. Other options should be 

explored to target lower modulus regimes for neuronal and tumorigenic cell studies, as 

the ranges demonstrated here apply to myocytes and fibroblasts. Ultimately, significant 

stiffening of BSA hydrogels can be accomplished via laser-induced shrinking.  
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Figure 3.7: Tuning the modulus independent of topography. A) A brightfield image of 
BSA pads (14 μm-tall nominally) with a 20 μm contracted region near the center (scale 
bar = 50 μm). The structures are indistinguishable, but are created by scanning different 
optical planes within the structure (left: 6  - 8 μm, middle: 8 – 10 μm, right: 10 – 12 μm). 
B) Surface representation acquired using an AFM of each structure in the image to show 
that the surfaces are indistinguishable. All axes are in units of μm. C) Three regions are 
imprinted on a single BSA pad by scanning the laser through different optical planes 
(inset image). The plot displays the height ratio (scanned height/non-scanned height) 
represented by the gray bars and the apparent Young’s modulus (blue dots) of each 
region. Data for a minimum of three separate regions were acquired and averaged per 
point. All scans resulted in nearly the same degree of contraction, but the apparent 
modulus increased significantly as the surface was approached (* - p-value < 0.05 when 
measured against the control, ** - p-value < 0.05 when measured against the 8 – 10 μm 
data set). The error bars represent the standard deviation (+/-).  

 
  



 117 

Figure 3.8: Effects of photobleaching on the modulus and swelling properties of BSA 
hydrogels. A) Brightfield image showing control and laser scanned structures before and 
after photobleaching (scale bar = 50 μm). B) A plot of the height (gray bars) and modulus 
(blue dots) of control structures before and after photobleaching. All values are 
significant (p-value < 0.05). C) Plot of the height (gray bars) and modulus (blue dots) 
measured after photobleaching of control and laser scanned hydrogels. The hydrogels 
laser scanned prior to photobleaching using either a single scan or 4 scans are stiffer than 
unscanned controls. All values are significantly different (n = 3; * - p-value < 0.05 when 
measured against the control, ** - p-value < 0.05 when measured against the single scan 
data set). D) The height ratio (height after photobleaching/height prior to photobleaching) 
as a result of photobleaching is reduced when laser shrinking was used to increase the 
crosslinking density. Height measurements were acquired before and after 
photobleaching. No values are statistically significant (n = 3).   
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3.4.5 Stiffness Gradients 

Gradients of matrix stiffness promote cell migration and polarization through a 

process known as durotaxis. The majority of studies generate gradients by varying the 

crosslinking density of polyacrylamide hydrogels [106-108]. Gradient strengths of 1 and 

10 Pa/μm represent physiological and pathological conditions, respectively [106]. Here, 

variable power laser shrinking is used to generate stiffness gradients. The average laser 

power is modulated at set frequencies with a Pockels cell to control the extent of 

contraction. The input frequency is adjusted such that the entire power range (3 – 22 

mW) is spanned over a 200-μm distance, the length of the BSA hydrogels. The matrix 

was stiffened from 10 – 60 kPa as shown in Figure 3.9, equivalent to a gradient strength 

of 333 Pa/μm. Laser powers less than 9 mW did not produce significant changes to the 

hydrogel modulus. The input to the Pockels cell is adjustable, such that the gradient 

strength and absolute range can be controlled as shown in Chapter 2. If gradients are 

generated without scanning through the surface of the hydrogel, the effects of the 

stiffness gradient can be decoupled from other chemical and structural cues; which offers 

this technique a distinct advantage over polyacrylamide hydrogels.  
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Figure 3.9: Modulus gradients created using variable power laser shrinking. Inset) BSA 
pads are fabricated using a consistent protocol. A control (top) and gradient (bottom) 
structure are shown in the inset image. The power used for laser shrinking increased from 
left to right for the gradient structure, noticeable by the reduction in area. Plot) A Pockels 
cell is used to modulate the laser power during laser shrinking over a 200-μm-distance. 
The entirety of the structure is laser scanned using 1-μm-axial-steps. The shrinking 
protocol is repeated two (gray) or four (black) times to achieve a six-fold increase in the 
elastic modulus. To generate the plot, force curves were acquired at notch positions 
spaced 25 μm apart along the long axis. Four curves were acquired at each position and 
averaged. The error bars represent the standard deviation (+/-) of four force curves taken 
at a single position on the hydrogel. The phase input to the Pockels cell was adjusted to 
represent each notch position for back aperture power estimates. Control structures had 
an average modulus of 12.7 kPa (standard deviation = 1.8 kPa).  
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3.5 CONCLUSIONS 

This chapter introduces a novel, photolithographic method to dynamically tune 

the topographical and mechanical presentation of protein hydrogels. The effect of laser 

shrinking on the structural and mechanical properties is characterized to demonstrate that 

surface topography and stiffness can be manipulated independently, allowing for 

decoupled analyses. Furthermore, proof-of-concept studies show that dynamic, 

spatiotemporal modifications made in the presence of adherent cells do not cause cell 

death. 

Future studies are needed to optimize hydrogel shrinking through a series of 

studies assessing the effects of fabrication and post-fabrication conditions.  Additionally, 

efforts should be made to evaluate the responses of cells to spatiotemporal changes in 

their microenvironment. Some behaviors of interest are polarization, migration, and 

mechanotransduction signaling cascades, as these relate to embryonic development and 

disease progression. In addition to planar surfaces, the Shear Group has recently 

demonstrated that mammalian cells can be trapped within 3D protein hydrogels [109]. 

Combining cell trapping with laser shrinking could offer an easy and powerful approach 

for single cell analysis. 
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Chapter 4:  Evaluation of Fluorescent Nitric Oxide Probes for Live Cell 
Imaging Applications 

4.1 CHAPTER SUMMARY 

Highly reactive small molecules, such as free radicals, have garnered significant 

attention for their contribution to many physiological and pathological responses [1]. 

They are known to generate oxidative stress and mediate many regulatory effects, 

including apoptosis, angiogenesis, and cell migration [2-6]. The most prominent 

endogenously produced reactive small molecules are superoxide and nitric oxide (NO). 

Substantial efforts have revealed that NO is an important signaling component in many 

transduction pathways [7-11], and NO has been shown to exhibit both protective and 

toxic effects on cells [12-14]. However, underlying mechanisms for the paradoxical 

behavior of NO are still being elucidated [15]. To better classify roles of NO in 

physiological and pathological processes, methods that can selectively detect vital NO 

concentrations with high sensitivity are required. 

Collaborative efforts between Eric Anslyn, Jason Shear, and co-workers focused 

on the development and evaluation of NO550, a fluorescent probe for live cell NO 

detection [16]. They demonstrated this probe was much more selective than alternative 

technologies; however, the product formed via a reaction with dinitrogen trioxide (N2O3), 

the oxidized product of solution phase NO, was not highly fluorescent. In addition, the 

probe is hydrophobic, and its limited water solubility complicates intracellular loading. 

Despite the limitations of NO550, it has been used in a handful of studies to detect NO in 

living cells [17-19].  

Recently, Anslyn and colleagues have developed new fluorescent probes for NO 

detection that are derivatives of NO550. In bench studies, these probes provide superior 

spectral and photophysical properties (refer to Table 1 for more details on the probes). 
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Here, further characterization of the probes for live cell imaging applications is presented. 

Fibroblasts (NIH-3T3s) are used for comparative detection analysis of the new probes 

with their predecessor, NO550, and a commercial competitor, 4-amino-5-methylamino-

2',7'-difluorofluorescein diacetate (DAF-FM). Similar to NO550, the new probes display 

minimal nuclear fluorescence, punctate cytosolic signal, and low extracellular 

background fluorescence. Additionally, the novel probes produce significantly more 

signal (between four- and fifteen-fold higher) than NO550 after one and 24 hour 

incubations at equimolar (10 μM) concentrations, demonstrating their potential for 

biological applications. As expected, signal intensity is dependent on the loading 

concentration, as demonstrated via probe #10 optimization experiments. Nuclear 

fluorescence, an indicator of cell health, is observed at loading concentrations above 50 

μM. To provide sufficient evidence that NO was in fact being detected, an exogenous NO 

donor, S-nitroso-N-acetyl-D,L-penicillamine (SNAP), is added to culture wells during 

probe incubations. The response of the probes to NO was evaluated via fluorescence after 

4 and 24 hours. Significantly higher intra- and extracellular fluorescence was detected in 

the presence of SNAP compared to controls. Additionally, ratiometric imaging is 

conducted using probe #10 to assess cytosolic loading and signal localization within the 

cells over 24 hours. Visualization of the unreacted probe and reacted product is possible 

due to the large spectral shift (~100 nm) in the absorbance maximum. The probe and 

product are visualized using common 4',6-diamidino-2-phenylindole (DAPI) and 

fluorescein isothiocyanate (FITC) filter sets, respectively. These novel probes represent 

some of the first reported ratiometric capable probes for NO detection, and they provide a 

substantial improvement over current alternatives for the fluorescence detection of 

localized, intracellular NO dynamics [20]. 
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4.2 BACKGROUND AND MOTIVATION 

The endogenous production of NO was first realized in the 1980s when it was 

identified as the endothelium-derived relaxation factor [21-23]. Concurrent studies also 

revealed that NO was synthesized by macrophages in response to inflammatory signals 

[24, 25]. These inaugural studies inspired an inundation of research over the last 30 years 

to uncover the biological functions of NO. At present, NO synthesis has been credited to 

numerous cell types, including endothelial cells, macrophages, neuronal cells, glial cells, 

and fibroblasts [23, 25-28]. Moreover, the effects of NO are not limited to the cells from 

which it is produced [7, 29-31]. NO is a highly diffusible molecule with a half-life of 1-

30 seconds in physiological fluid, allowing it to remain active at long-range distances 

approaching 500 micrometers [32-36]. The dynamic inter- and intracellular signaling 

capacity of NO demands real-time visualization methods, similar to those developed for 

calcium imaging, to truly understand its physiological and pathological roles [37, 38]. 

4.2.1 Biological Relevance of NO 

NO is a ubiquitous signaling molecule that is associated with a number of 

physiological and pathological responses. Its versatility is emphasized by its involvement 

in mediating vasodilation, inflammation, and neuronal transmission [39-41]. Deficiencies 

in NO signaling pathways are implicated in many diseases including artherosclerosis, 

cancer, and neuropathy [42-45]. Strong evidence also suggests that specific intracellular 

transduction pathways are activated by distinct concentrations of NO [46-49]. 

Intracellular NO concentration estimates span from 10 nM to above one μM, and these 

concentrations are generally associated with cell survival and nitrosative stress or 

apoptosis, respectively [50]. However, the intracellular dynamics of NO signaling with 

respect to localized production and targeting are not well understood because there is a 

dearth of capable, analytical methods to evaluate such effects. 
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Cells generate NO via nitric oxide synthase (NOS) enzymes. Three isoforms of 

NOS have been discovered to date: endothelial NOS (eNOS), neuronal NOS (nNOS), and 

inducible NOS (iNOS) [51]. Two of these enzymes, nNOS and eNOS, are expressed 

constitutively, associated with normal physiological behavior, and mediated by 

intracellular calcium levels [52, 53]. Conversely, the expression of iNOS is activated by 

calcium-independent exposure to cytokines, produces significantly higher quantities of 

NO, and can ultimately lead to cell death or disease [25, 54-56]. All NOS isoforms 

catalyze the production of NO through an L-arginine dependent oxidation pathway [57-

59]. The most widely used inhibitors of NOS activity target the binding site of L-

arginine, including the competitive molecule L-NMMA, whose reported 50% inhibitory 

concentration is ~5 μM [59, 60].  

In addition to chemical mediation, the sub-cellular distribution of NOS enzymes 

also plays an important regulatory role [61-63]. The most convincing study published by 

Barouch and colleagues revealed divergent contractile responses to NO by 

cardiomyocytes with different intracellular distributions of NOS [64]. This regulatory 

effect is in part driven by the necessity for proximity between an NO source and target 

due to the short half-life of NO. As such, NOS isoforms are primarily associated with the 

plasma membrane, endoplasmic reticulum (ER), and mitochondria within cells, although 

other organelles have also been suggested [65-69]. Unfortunately the mechanisms and 

motivations for sub-cellular localization of NOS remain ambiguous, despite its inference 

of cell function and health. 

4.2.2 NO Detection Methods 

Due to the short half-life of NO in physiological fluids, most methods of detection 

target NO reaction products, such as nitrate, nitrite, or N2O3. Their half-lives in 
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physiological media are reported to be orders of magnitude longer than NO, at 

approximately 5-8 hours, 110 seconds, and 7 minutes, respectively, which makes them 

suitable targets for indirect detection schemes [34, 70]. Current detection methodologies 

can be divided into two categories: 1) media-based approaches, via the Griess reagent or 

electrochemistry, and 2) intracellular detection using fluorescent probes [15]. 

The most established technique for quantifying NO production uses the Griess 

reagent, first developed in 1879 by Peter Griess to evaluate nitrite in saliva, which reacts 

with nitrite to form a chromophoric azo dye that absorbs strongly at 540 nm [71, 72].  

Media nitrite concentrations can be determined colorimetrically using external calibration 

standards. To estimate the total NO content in solution, the reduction of all nitrate to 

nitrite is required using a secondary step. Despite its comprehensive use, reported nitrite 

concentrations in plasma and other biological systems can vary by over two orders of 

magnitude (0.1 – 20 μM) [72]. These differences are largely attributed to inefficient 

nitrate conversion or molecular interference [15, 72]. Other reported techniques for 

analyzing nitrate and nitrite content from media include high-performance liquid 

chromatography, capillary electrophoresis, and mass spectrophotometry [73-76]. These 

methods offer extremely low limits of detection (~ nM), but similar to the Griess reagent, 

these methods do not provide pertinent spatial information. Electrochemical detection 

methods developed to date can measure NO directly with significantly higher selectivity 

and provide discrete detection. Many of the sensors used for electrochemical NO 

detection are not biocompatible or are quickly fouled in biological fluid [77-79]. While 

media-based detection methods currently dominate the field, fluorescence microscopy-

based approaches are becoming increasing popular because they can convey valuable 

spatial and temporal information within complex biological systems. 
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Fluorescent probes offer significant promise for delineating some of the 

underlying mechanisms of NO signaling and its involvement in intracellular transduction 

pathways. The most prominent mechanism used for detection via fluorescent probes 

eliminates the emission quenching photoinduced electron transfer (PET) upon reaction 

with NO directly or with its oxidation products, rendering the probe fluorescently active; 

a notable example being DAF and its derivatives [80, 81]. For DAF specifically, the PET 

mechanism enhances the fluorescence quantum yield ~160 fold, and detection limits as 

low as 2 nM have been reported [82]. Potential pitfalls of DAF and other probes are low 

selectivity for binding NO equivalents, pH sensitivity, interferences, and quenching by 

other molecules [83, 84]. Additionally, the simple, non-ratiometric “turn on” approach 

does not allow for the assessment of potential probe compartmentalization within 

organelles. The irreversibility of the PET mechanism limits its temporal resolution, and 

could potentially impact downstream signaling cascades [85]. Transition metal probes 

have been employed as a remedy, because they reversibly react with NO [85-88]. 

However, metal ions themselves are components of many biological processes and may 

independently alter cell signaling or enzyme activity [89, 90]. Many of these limitations 

were addressed with the introduction of NO550 [16]. The novel synthetic probes presented 

in this chapter address two primary shortcomings of NO550, fluorescence intensity and 

longer wavelength activity. They represent a major step forward for the detection of 

intracellular NO, and should prove useful for a multitude of biological applications. 

4.3 MATERIALS AND METHODS 

4.3.1 Reagents 

All cell culture reagents including Dulbecco’s modified eagle’s medium (DMEM, 

high glucose), Leibovitz media (L-15), bovine calf serum (BCS), DMSO (BP-231), 
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Trypsin (SH3004201), and penicillin-streptomycin antibiotic (PSA) were purchased from 

Fisher Scientific. Sterile phosphate buffered saline (PBS, SH3026401) solution was 

purchased from Thermo Scientific (Waltham, MA). DAF-FM (D-23841) was obtained 

from Life Technologies. NO probes were provided as 100 nanomole aliquots by Eric 

Anslyn and colleagues. The chemical structures and absorbance/emission spectra of all 

probes used are shown in Table 1. SNAP (N3398) was purchased from Sigma Aldrich. 

All products were used and stored in a manner consistent with the supplier 

recommendations. 
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Table 4.1: Chemical structures and spectral properties of NO probes. The probe name or 
identification number (column 1) and chemical structure (column 2) are provided. The 
excitation (lighter or dotted lines) and emission (darker or solid lines) spectrum for each 
probe (blue) and the corresponding azo product (red) are displayed in column 3.  Spectral 
information was provided by Eric Anlsyn’s Group. 
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4.3.2 Cell Culture 

Fibroblasts (NIH-3T3s) were purchased from the American Type Culture 

Collection (ATCC). Cell cultures were maintained in DMEM, high glucose growth media 

supplemented with 10% (v/v) BCS. Cells were passaged every 4 – 7 days. For 

experiments, cells were cultured on No. 1.5, 8-welled coverslips (12565388, Fisher 

Scientific) with L-15 or DMEM media containing 1 - 10% (v/v) BCS and 1% (v/v) PSA. 

4.3.3 Fluorescence Imaging 

Fluorescence images were acquired using a Zeiss Axiovert microscope system 

with either an Axiocam HRm camera and Axiovision software or an Orca Flash camera 

(Hamamatsu, Japan) and HCImage Live software (Hamamatsu). A 10X objective 

(NeoFluar, 0.3 NA or NeoFluar, 0.5 NA) was used to acquire images unless otherwise 

stated. DAPI and FITC filter sets purchased from Zeiss (DAPI - #34, FITC - #44) or 

Chroma (DAPI - 49000, FITC – 41001) were used to acquire images of the probes NO550, 

#8, and #10. A violet longpass (#05, Zeiss) filter set was used to acquire images of probe 

#6. Within a single experiment, all exposures and post-acquisition processing in ImageJ 

software were consistent and optimized for visualization.  

4.3.4 Comparative Assays 

Cells were allowed to adhere to the culture wells for 24 hours prior to loading. 

Cells were loaded and imaged in L-15 media with 1% BCS, 1% PSA, and 1% DMSO to 

improve probe solubility. Solutions containing equimolar concentrations of each probe 

(10 μM), based on absorbance measurements, were made and loaded in separate wells. 

All wells were imaged after 1 and 24 hours of loading without exchanging the media. 
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4.3.5 NO Donor Experiments 

Fibroblasts were cultured on 8 well coverslips 24 hours prior to use. All 

experiments were conducted in L-15 media supplemented with 1% (v/v) BCS and 1% 

(v/v) PSA. SNAP (250 μM) or cPTIO (500 μM) was co-loaded with probe #10 (20 μM) 

and DAF-FM (5 μM) for 24 hours and 30 minutes, respectively. SNAP and cPTIO 

solutions were made just prior to use. Fluorescence images were acquired after 30 

minutes for DAF-FM wells and after 1, 2, 4, and 24 hours for probe #10 wells. 

4.3.6 Ratiometric Imaging 

Fibroblasts were cultured on 8-well coverslips in L-15 medium with 1% (v/v) 

BCS, and 1% (v/v) PSA. The culture media was replaced with working medium that 

included probe #10 at a concentration of 10 μM and 1% (v/v) DMSO. Cells were 

immediately transported to an environmental chamber situated on the stage of an inverted 

Zeiss microscope for imaging. The environmental chamber is described in detail in 

section 2.3.7. Images were acquired with a 40X, 0.95 NA objective using both DAPI and 

FITC filter sets. An overlay of the spectra for the filter sets and probe is displayed in 

Figure 4.1. Metamorph software was set up to acquire images at 10 minute-intervals for 

one hour. A short exposure time (50 ms) was used to avoid photobleaching. 

Corresponding images were divided (azo product/probe) after acquisition in ImageJ 

software to produce the ratiometric image.  
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Figure 4.1: Spectra of filters used for ratiometric imaging of probe #10. The excitation 
(dotted lines) and emission (solid lines) curves for the DAPI filters (black), FITC filters 
(gray), probe #10 (blue), and the azo product of probe #10 (red). The DAPI emission 
captures only the fluorescence emission of the unreacted probe, while the FITC filter set 
overlaps a larger percentage of the excitation and emission spectra of the azo product. 
Only the azo product is observed using the FITC filters because it is approximately 1000 
times brighter than the unreacted probe (data not shown). Data for the filters were 
obtained from Chroma. Data for probe #10 were provided by Eric Anlsyn’s Group. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Equimolar Studies 

Equimolar loading studies were conducted to evaluate the relative intracellular 

brightness of each probe. Absolute concentrations were derived for probe #10 and NO550, 

as these probes were pure solids. Relative aliquot concentrations for probes #6 and #8 

were determined spectrophotemetrically, by comparing the absorbance of equally diluted 

aliquots at their respective maximum absorbance wavelength with probe #10. Aliquots 

were diluted with DMSO to make 1 mM stock solutions. The stock solutions were diluted 

1:100 (v/v) in cell culture media for cell loading. DAF-FM loading was conducted at 5 

μM concentrations and imaged after 45 minutes. All cells were imaged without 

exchanging the probe-containing media. 

After one hour of probe loading, cytosolic fluorescence of the azo product is 

visible for all probes tested, as shown in Figure 4.2. The intracellular signal in 

fibroblasts, which express both constitutive and inducible isoforms of NOS, is highly 

localized and punctate [26]. Brightest fluorescence is detected in close proximity to the 

nucleus, in what is thought to be ER where NOS is highly expressed [68]. We 

hypothesize the punctate signal throughout the cytosol is detecting mitochondrial or 

peroxisomal NO production [66, 67, 91]. The localized signal is likely the result of the 

higher specificity of the probes for N2O3 than DAF-FM, which can react with numerous 

NO motifs [83]. All probes generate significantly brighter fluorescence than NO550 at 

identical conditions, and appear to maintain specificity for N2O3. In contrast to DAF-FM, 

minimal nuclear fluorescence is observed for the probes. After one hour, the background 

subtracted fluorescence intensity of probe #8 is nearly equivalent to DAF-FM. The probe 

concentrations can be increased as shown in the next section, to optimize the fluorescence 

intensity. 
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The cell density after 24 hours of loading is qualitatively similar to the 1 hour 

timepoint, implying the probes are not cytotoxic at these low concentrations. The signal 

intensities for NO550, #6, and #10 increases at longer incubation times, which makes them 

suitable candidates for long-term NO detection. The intracellular fluorescence intensity 

remains localized and punctate, and the extracellular background is unchanged. For probe 

#8 however, the intracellular fluorescence is diminished after 24 hours. This observation 

is most likely due hydrolysis of the probe, and it should only be used for short-term 

observations. DAF-FM images are completely saturated after 24 hours because of the 

extracellular signal, and it is not a suitable probe for long-term imaging applications. 

In summary, the efficacy of the probes as intracellular NO indicators is 

demonstrated. The probes can be loaded for hours without compromising the vitality of 

the cells. All probes are significantly brighter than NO550; therefore, shorter exposure 

times can be used during imaging to minimize cell exposure to high intensity light. Probe 

#6 requires a specialized filter set to image appropriately, and is thus not optimal for most 

researchers. Probes #8 and #10 are optically comparable, but differ in regards to cell 

loading and persistence. Probe #8 is best suited for short-term assays, and #10 can be 

used for either short or long-term NO monitoring. Probe #10 is used for all subsequent 

studies in this chapter because it produced sufficiently bright intracellular signal, can be 

imaged using commonly owned FITC filter sets, and has ratiometric potential. 

Ultimately, all the fluorescent probes tested represent a substantial improvement over 

currently available alternatives because of their specificity, brightness, and ratiometric 

capabilities (discussed in section 4.4.4).  
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Figure 4.2: Equimolar comparison of all probes for intracellular NO detection. 
Fibroblasts were incubated in media containing 10 μM of each probe (except for      
DAF-FM, where a 5 μM loading concentration was used). Brightfield and fluorescence 
images were acquired after 1 and 24 hours of incubation in loading media. All probe 
images captured with the FITC filter set (DAF-FM, NO550, #8, and #10) were acquired 
and adjusted equally for direct comparison. All probes produce significantly higher 
fluorescence intensities than NO550, which is not visible without additional image 
processing (insets). The signal intensity from probe #8 is comparable to DAF-FM at        
1 hour, but is much lower after 24 hours. Probes #6 and #10 are substantially bright after 
1 hour and remain loaded in the cells over the course of 24 hours, when an even brighter 
signal is observed. All probes display more punctate and localized signal within the cells 
than DAF-FM. In addition, the DAF-FM extracellular background at 24 hours produced a 
saturated image (not shown), as it is not a suitable probe for long-term cell monitoring. 
Scale bar = 50 μm.  



 143 

4.4.2 Probe #10 Concentration Optimization 

To optimize the visualization of probe #10, cells were incubated for 1.5 hours 

with media containing 10, 20, 50, or 100 μM of the probe.  Concentrations were achieved 

via a variable dilution of 100 nanomole aliquots in DMSO to maintain a 1% (v/v) DMSO 

working solution. Precipitation of the probe was not evident by visual inspection at any 

concentration tested. As expected, the intracellular fluorescence increases at higher 

loading concentrations, as demonstrated in Figure 4.3. At loading concentrations of      

50 μM and above, the intracellular fluorescence is no longer punctate and localized, and 

instead resembles a cytosolic stain, showing disperse fluorescence throughout the cell 

body. Nuclear fluorescence, indicative of cellular damage, is apparent at loading 

concentrations of 50 and 100 μM. Furthermore, cell death also occurs at 50 and 100 μM 

loading concentrations over a period of 24 hours (not quantified). To avoid these 

shortcomings, a 20 μM loading concentration of probe #10 is selected as the optimum 

concentration for our culture system. It is reasonable to assume that this concentration is 

not ideal for all cells, and the probe concentration should be adjusted based on the 

spatiotemporal dynamics of the experiment.  
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Figure 4.3: Concentration optimization for probe #10. Brightfield and corresponding 
fluorescence images for 10 μM (A, C), 20 μM (B, D), 50 μM (E, G), and 100 μM (F, H) 
loading concentrations of probe #10, acquired 1.5 hours after loading was initiated. 
Nuclear fluorescence, representative of cellular damage, is observed in fibroblasts at 
concentrations above 50 μM. Scale bar = 50 μm.  
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4.4.3 Response of Probe #10 to an Exogenous NO donor 

SNAP is an S-nitrosothiol that decomposes in aqueous solution to form NO, and 

its half-life is approximately 6 hours [92, 93]. For every 1 mole of SNAP in solution, 

approximately 0.0232 moles of NO gas are produced after 15 minutes [93]. Therefore, 

the 250 μM concentration of SNAP used in these studies should generate an estimated 

5.8 μM concentration of NO in the media. The co-loading protocol and effectiveness of 

SNAP were verified using DAF-FM as a control. After fibroblasts were incubated for               

30 minutes in media containing DAF-FM and SNAP, fluorescence images were acquired. 

The media was not exchanged prior to imaging in order to visualize and compare the 

intra- and extracellular fluorescence intensities. The well with SNAP exhibited 

approximately a ten-fold increase in both intra- and extracellular signal over a control 

well absent of SNAP, as shown in Figure 4.4, confirming the efficacy of the protocol. 

Cells are co-loaded simultaneously with probe #10 at a concentration of 20 μM 

and SNAP. A well containing only probe #10 is used as a control. Fluorescence images 

are acquired 0.5, 1, 2, 4, and 24 hours after loading. For all images that are acquired prior 

to 4 hours, there is an indiscernible difference in fluorescence intensity. However, images 

that are acquired at 4 and 24 hours display a noticeable increase in extracellular 

fluorescence intensity (Figure 4.4). In fact, the extracellular signal produced by the 

SNAP addition saturated the 24 hour image at exposure times typically used for detection 

(200 ms). In order to see the cells, the exposure time was reduced to 50 ms and some 

saturation still occurred. The intracellular signal attributable to probe #10 is difficult to 

quantify because of its punctate presentation, but the fluorescence distribution appears 

more homogenously distributed when SNAP is present. 

This study confirms that probe #10 is responding to NO in the presence of cells. 

The slower “turn-on” kinetics of probe #10 relative to DAF-FM in response to the SNAP 
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addition may be due to its higher specificity for N2O3, as NO radicals can form numerous 

reaction products in solution. Future studies should evaluate the response of additional 

probes to SNAP. Endogenous stimulation of iNOS activity via the introduction of 

cytokines could provide further evidence to support the value of the probes for sub-

cellular imaging applications.  
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Figure 4.4: Response of probe #10 and DAF-FM to SNAP. Fibroblasts are loaded with 
DAF-FM (5 μM) and probe #10 (20 μM) in the absence (left column) and presence of 
SNAP (250 μM). The increase in intra- and extracellular fluorescence is substantial for 
wells containing SNAP compared to control wells acquired at the same time. For an 
image pair (+/- SNAP), the acquisition and post-processing parameters are consistent. 
Scale bar = 50 μM.  
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4.4.4 Ratiometry 

Ratiometry is a powerful, well-established microscopic technique used to quantify 

intracellular ion concentrations for common cations, such as Ca2+ [94]. The technique 

considerably reduces the effects of variable loading and differential cell thickness. 

Similarly to Ca2+ indicators, all probes discussed in this chapter undergo an excitation and 

emission wavelength shift of nearly 100 nm after reaction with N2O3. Here, the 

ratiometric capability of probe #10 for monitoring intracellular NO production using 

time-lapse fluorescence microscopy is demonstrated (Figure 4.5). Fibroblasts cells were 

incubated with media containing 10 μM of probe #10. Immediately after loading was 

initiated, image pairs were acquired at 10 minute-intervals using a DAPI and FITC filter 

set for a total of one hour. More rapid acquisition times (2-minute-intervals) were 

attempted, but cell death occurred. 

Fluorescence images collected with the DAPI filter reveal vital information 

regarding the intracellular loading and compartmentalization of the probe. A nearly 

homogenous intracellular distribution of the probe is observed initially. The probe loads 

into the cell over the course of one hour. Probe compartmentalization is observed within 

a few regions of the cells, and these regions always correspond to higher fluorescence 

signal of the azo product. It is not clear what causes the probe compartmentalization, but 

the cell-to-cell heterogeneity suggests that a single organelle is not responsible. After 20 

minutes, intracellular fluorescence from the azo product is observed, resulting in an 

increase in the product/probe ratio. The highest concentration of N2O3 is detected around 

the cell nuclei, where the maximum intracellular ratio approaches 1.7. Filter optimization 

for detection of the azo product should amplify this ratio even further. Nonetheless, this 

ratiometric approach provides valuable spatial information regarding the intracellular 

localization of NO production. Shorter exposure times are necessary to yield more 
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resolved temporal information without deleterious effects on cells. Future work should 

employ calibration standards to determine the absolute intracellular concentrations of the 

probe and N2O3.   
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Figure 4.5: Intracellular ratiometric time-lapse of probe #10. Image acquisition began 
immediately after the culture media was replaced by media + probe (10 μM). Image pairs 
were captured using both a DAPI (top row) and FITC (middle row) filter set every         
10 minutes for a total of 1 hour. The time stamp, in minutes, for each set of images is 
located at the top right of each column. The DAPI images reveal some degree of 
compartmentalization within the fibroblasts in areas indicated by the white arrows. The 
FITC filter set captures the emission of the reacted azo product. The ratiometric images 
(bottom row) are generated by dividing the FITC image by the DAPI image. The initial 
extracellular baseline was adjusted to a value of 1. A “rainbow-RGB” look-up table is 
applied to the ratiometric images, and the scale is compressed as shown (colorbar inset). 
All images are optimized for visualization. Images within a single row have the same 
brightness and contrast settings. Scale bar = 20 μm. 
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4.5 CONCLUSIONS 

This chapter demonstrated the efficacy of a series of N2O3 reactive fluorescent 

probes for live-cell imaging. The probes exhibited significantly enhanced fluorescence 

over NO550, and were competitively bright when compared to the commercially available 

DAF-FM probe. Other advantages of the probes are selectivity, ability to monitor long-

term intracellular dynamics, and ratiometric potential to detect localized N2O3 

concentrations. Because of these advantages, the novel synthetic probes are considered to 

be broadly applicable to detect NO production within many biological systems. 

Considering the versatility of NO signaling and its involvement in several signal 

transduction cascades, a multitude of possible studies can be envisioned. Future work 

should focus on improving probe solubility and establishing a reversible mechanism for 

detection. These enhancements will provide the spatiotemporal resolution necessary to 

answer many of the questions surrounding NO signaling within biological systems. In 

addition, these probes could be used to evaluate cellular responses to dynamic, 

topographical or mechanical changes to the extracellular environment, as demonstrated in 

Chapter 3. Furthermore, the incorporation of the probes into protein hydrogels could 

offer a novel platform for the evaluation of NO production and extracellular signaling of 

in vitro tissue culture systems.  
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Chapter 5:  Overall Perspectives 

This dissertation has outlined multiphoton excitation-based techniques to 

dynamically control the chemical, mechanical, and topographical presentation of cellular 

microenvironments. The work is demonstrated using micro-three dimensional protein 

hydrogels, which have been used as in vitro cell culture platforms to promote cell 

behaviors, including adhesion, alignment, and migration [1-5]. This work augments 

technologies developed previously in the Shear Group by providing means to introduce 

localized, sub-cellular contact guidance cues within protein hydrogels after fabrication. 

Efforts to extend these methods to other polymeric systems are planned, and they should 

be used to gain a better understanding of the spatiotemporal complexity of the cell-matrix 

interaction. 

Numerous researchers have demonstrated that chemotaxis and durotaxis are 

viable solutions for dictating cell migration, yet a dearth of 3D capable platforms exists 

[6-9]. Currently, studies are underway to investigate the effects of chemical and 

mechanical gradients generated using the laser-based methods introduced in this 

dissertation on cell migration, with the hope of translating these results to 3D hydrogel 

scaffolds. Furthermore, future efforts should exploit the decoupling potential of these 

methods to evaluate the interplay between cues, and then optimize cue combinations 

within hydrogel scaffolds to promote successful tissue regeneration.  

Research involving dynamic culture systems is still in its infancy, and many 

questions regarding the roles of extracellular matrix changes in embryonic and 

pathological development remain unanswered [10]. One potential method to monitor 

cellular responses to dynamic extracellular changes in real-time is via the fluorescent 

nitric oxide probes characterized in this work. Nitric oxide is a ubiquitous signaling 
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molecule that mediates many cell behaviors, including vasodilation, 

mechanotransduction, cell migration, and cell death [11-15]. By combining the probes 

with dynamic protein hydrogels via cell loading or direct hydrogel conjugation, specific 

roles for nitric oxide in cellular responses to dynamic extracellular changes can be 

defined. Additional research is recommended to quantify the impacts of on-the-fly 

changes to the mechanical or topographical properties of protein hydrogels on cell 

behavior.  

The field of tissue engineering has progressed at an incredibly rapid pace within 

the last 20 years; however, translational technologies continue to elude researchers [16]. 

Some challenges associated with the transition from in vitro studies to clinical trials have 

been overcome through the development of more representative, 3D culture systems, 

such as hydrogels. The added ability to control the presentation of extracellular matrix 

properties differentially and independently with a high degree of spatiotemporal 

resolution within hydrogels is a significant advance in the field. Additionally, the 

innovative approaches discussed in this dissertation can complement existing 

technologies, and should have wide-ranging impacts on the design of next-generation 

scaffolds for tissue engineering.  
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