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Our bodies are composed of complex tissues and organs, and each tissue is 

governed by the careful coordination of cells, solutes, and extracellular matrix 

components. As such, the tissue engineering field has sought to develop tools to study 

tissue physiology at the molecular and cellular level. Biomaterials play a critical role in 

mimicking the extracellular matrix in design and function, acting as the scaffolding from 

which cells can attach, proliferate, and differentiate to form complex tissues. This 

dissertation focuses on light-assisted patterning of these materials for investigating 

cellular interactions within the tissue microenvironment. 
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The stiffness of the extracellular matrix has been implicated in governing cell fate 

(e.g. proliferation, migration, and differentiation) in vivo, thus we developed digital 

plasmonic patterning (DPP) – a laser-based patterning system – to control stiffness on a 

two-dimensional (2D) hydrogel substrate in vitro. Cells exhibited durotaxis, or migration 

to the stiffer patterns, as well as alignment onto the patterns. We built on this research by 

studying cellular migration in a three-dimensional (3D) collagen hydrogel. We used 

ultrafast laser-induced degradation (ULID) to spatially pattern channels (void spaces) in 

the collagen gel. Endothelial cells responded to the void spaces by migrating, aligning, 

and eventually forming tube-like structures similar to early blood vessel formation. 

To enable the fabrication of more complex hydrogel structures, we turned to UV 

light-based 3D printing. First, we printed hydrogels with precise concave architectures 

and seeded breast cancer cells. Cells aggregated into spheroids over several days and 

developed hypoxic and necrotic cores by day 10, hallmarks of the tumor 

microenvironment. These results suggest a new way to study tumor progression. We 

furthered our study of cancer progression by developing a co-culture 3D printed in vitro 

model of glioblastoma (GBM) and its blood vessels. Results showed GBM proliferating, 

invading, and ultimately coopting the vasculature, and moreover demonstrated a similar 

response to FDA approved drugs as the clinical outcome. 

In summary, we demonstrated the vast utility of light-assisted biopatterning for 

understanding cellular interactions in their microenvironment and later applied these 

methods to develop in vitro models for drug screening. 
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Chapter 1 
 
Introduction 
 

Tissue engineering refers to a broad field within the biomedical field that uses 

engineering tools to recreate the tissue microenvironment for diagnostic and therapeutic 

purposes [1–4]. Biomaterials are often used as the substrates or scaffolding on which 

cells attach, proliferate, and differentiate. The patterning of biomaterials and cellular 

components is thus critical to studying cellular interactions in their microenvironment as 

well as the development of more complex and biomimetic tissue engineered constructs.  

Over the years, patterning techniques have been extensively developed for 

modulating cell behavior [1]. Micro-contact printing of proteins allows for the two-

dimensional (2D) patterning of cells following protein deposition in a preconfigured 

design [5]. However, several studies have demonstrated that cells grown in 2D cultures 

display inconsistencies to physiological in vivo environment with respect to morphology, 

cell-cell and cell-ECM contacts, proliferation and differentiation [6].  

More recently, researchers have sought to develop dynamic biomaterials and 

patterning methods for generating 3D multicellular environments that better mimic native 

tissue while permitting user controlled modification [7, 8]. Bioprinting, or biofabrication, 

platforms for these types of tissue engineered constructs have immense potential in 

generating more physiologically relevant tissue engineered constructs, enabling the 

investigation of fundamental biology, as well as the rapid screening of toxins, drugs, and 

ligands, in a more native, yet controllable micro/nano 3D environment [9–11].
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3D biofabrication is primarily divided into two types: computer-assisted and 

process-directed techniques. Process-driven fabrication methods – those which do not 

utilize computer control or direct placement – include freeze-drying [12], salt leaching 

[13], electrospinning [14], porogen melting [15] gas foaming [16], and fiber deposition 

[17]. These methods allow control over bulk physical properties (e.g. material stiffness, 

swelling, etc.), however the resulting internal architecture is relatively uncontrolled. 

Computer-assisted direct-writing approaches, on the other hand, are capable of precisely 

dictating the internal architecture at the micro- and nanoscale, and thus facilitating greater 

control at the cellular and subcellular level. 

 Direct-writing techniques, typically referred to as free-form fabrication or rapid 

prototyping, are well suited to manufacture 3D scaffolds with orthogonal control over 

fabrication parameters [18, 19]. In most cases, a user-defined 3D structure is modeled 

using a computer software and broken down into a series of transverse-plane image 

slices. These slices are created as thin 2D layers for stacking in a layer-by-layer fashion 

(additive manufacturing), and a 3D scaffold is fabricated according to these image slices 

by translating either the computer-controlled stage or the deposition source in XYZ 

directions. Direct-writing allows the investigation of one or several biophysical 

parameters such as internal-architecture and mechanical properties. This approach also 

permits the use of a wide array of physiological components, such as biochemicals and 

encapsulated cells, in a modular fashion. Within the confines of direct-writing, the utility 

of light (e.g. laser or UV) offers a precise, rapid, and cost-effective way to fabricate and 

pattern bio-structures at the micro- and nanoscale. This chapter will discuss two light-

assisted direct-write bioprinting platforms and applications of each: (A) projection 
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printing and (B) laser–based systems, in addition to highlighting some commonly used 

biomaterials. 

 
1.1 Biomaterials 

 
Numerous monomers and a selection of photoinitiators provide many 

permutations of materials for light-assisted fabrication systems [19]. Monomers of 

different chain lengths and chemical species at varying concentrations can be used to tune 

mechanical properties, porosity, and osmotic swelling of the resulting polymerized gels.  

Modulation of light intensity can also vary the degree of polymerization, additionally 

affecting these parameters.  Though many conventional hydrogels such as agarose and 

polyacrylamide have been used in light-assisted printing, we will focus on three 

extensively-utilized, biocompatible, photocurable biomaterials which form hydrogels 

through free-radical photopolymerization: synthetic poly(ethylene glycol diacrylate) 

(PEGDA) [20, 21], and naturally-derived gelatin methyacrylate (GelMA) [22] and 

hyaluronic acid (HA) [23].   For a more complete list of polymers used in hydrogel 

fabrication, the reader is asked to consult the following references [24, 25]. 

PEGDA provides an excellent material for biomedical applications because of its 

high water content, biocompatibility and tunable mechanical properties [26]. Like many 

monomers, PEGDA may be synthesized at different molecular weights (typically 700-

10,000 Da, in accordance to the number of polymer chains) and poly-distributions to 

generate polymerized gels of varying crosslinking densities and materials properties (e.g. 

stiffness, swelling, porosity). Moreover, multiple PEGDA monomers may be mixed at 

different concentrations to further alter the aforementioned material properties (e.g. 
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10kDa PEGDA mixed with 700Da PEGDA). Some synthetic materials like PEGDA are 

nondegradable, however chemical modification or mixing with other materials (e.g. 

DTT) may achieve a predictable degradation effect [27]. For cell seeding, PEG scaffolds 

require the grafting of adhesive peptide sequences (e.g. RGDS and YIGSR) or adhesive 

proteins (e.g. fibronectin and laminin).  

Naturally derived hydrogels made from gelatin methacrylate (GelMA) have 

biologically active sequences that bind key integrins, enabling cells to adhere and migrate 

onto the structure [22, 28]. GelMA is generally a xenogenic modified macromer, 

therefore relatively inexpensive depending on the source and has the associated 

limitations in vivo. Hyaluronic acid (HA), a naturally occurring native ECM component 

and FDA-approved biomaterial, is a non-immunogenic polymer known to be important in 

wound healing. For instance, exogenous HA has been shown to reduce scar formation 

and promote regeneration in peripheral nerve injuries [23]. Since various biochemical 

moieties can be functionally introduced along the HA polymer backbone, a 

photopolymerizable form of HA has been created through the addition of methacrylate 

groups, termed glycidyl methacrylate-modified HA (GMHA). GMHA scaffold surfaces 

can be further modified to incorporate the cell-adhesive protein laminin. The library of 

photopolymerizable materials continues to expand with the development and 

modification of new and existing monomers/macromers, respectively, such as the 

aforementioned GMHA and GelMA, and thus light-assisted printing has the ability to 

work with an abundance of materials. 
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1.2 Projection Printing Systems  
 

Digital mask (i.e. “maskless”) projection printing is a type of stereolithography 

which uses a digital micro-mirror device (DMD) found in conventional computer 

projectors to polymerize and solidify a photosensitive liquid prepolymer using either UV 

or other light sources [19, 21, 29-36]. Figure 1.1A shows a version of the maskless 

projection printing system called the dynamic optical projection stereolithography 

(DOPsL) platform [20, 21, 37-42]. The “maskless” or digital mask option allows for the 

use of controllable and interchangeable reflected light patterns rather than static, more 

expensive physical masks (such as those used in photolithography).  The system spatially 

modulates collimated UV light using a DMD chip (1920 × 1080 resolution) to project 

custom-defined optical patterns onto a photocurable prepolymer solution. The DMD chip 

serves as an array of reflective coated aluminum micro-mirrors, capable of redirecting 

light to two states [0,1], tilted with two bias electrodes to form angles of either +12° or - 

12° with respect to the surface. Illumination from the light source reflects into the 

projection lens only when the micro-mirror is in its arbitrary “on” state. In the “off” state, 

the pixel appears dark as the illuminated light is reflected away from the projection lens. 

To generate 3D structures, projection stereolithography platforms such as DOPsL 

employ a layer-by-layer fabrication procedure. Often, a 3D computer rendering (made 

with a CAD software or CT scans) is deconstructed into a series of evenly spaced planes, 
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Figure 1.1: Projection Printing. A) Schematic of a projection printing setup called 
dynamic optical projection stereolithography (DOPsL): UV-light illuminates the DMD 
mirror system, which generates an optical pattern according to the image flow from the 
control computer. The optical pattern is projected through optical lens and onto the 
photosensitive biomaterial to fabricate a 3D scaffold in a layer-by-layer manner. B) SEM 
images of the concave and convex features (e.g. domes, microwells, etc.) using PEGDA 
demonstrating the versatility of the biofabrication system [41]. C) SEM image of a 
complex vasculature in PEGDA fabricated from a CAD file. Scale bar = 100 µm  
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or layers. The pattern for each layer is displayed on the DMD chip, exposing UV light 

onto the photcurable material. After one layer is patterned, the substrate is lowered using 

an automated stage and the next pattern is displayed. The user has control over the stage 

speed, intensity of the light, and height of the structure, allowing for the fabrication of 

various complex structures, such as spiral domes, pyramids and microwells (Figure 1.1B) 

[41]. Figure 1.1C demonstrates a complex vascular structure fabricated in PEGDA using 

this technology, another example of its versatility. As previously mentioned, mimicking 

the native tissue microenvironment with respect to architecture and material properties is 

key to the design of these 3D biostructures.  

We will illustrate projection printing’s increasing importance and utility in the 

tissue engineering field with several examples. From Gauvin et al., hydrogels comprised 

of GelMA were fabricated in 3D log-pile and hexagonal layered constructs (Figure 1.2A) 

[22]. Mechanical properties were varied by the geometry and prepolymer concentration 

(Figure 1.2B), and following, cell migration and proliferation into the scaffolds were 

monitored (Figure 1.2C). Log-pile and hexagonal structures displayed different moduli 

even when the prepolymer solution remained constant (10% GelMA). Importantly, the 

results from this study demonstrated the capability of the projection printing systems to 

generate cell-compatible scaffolds with tailored mechanical properties (by either varying 

prepolymer concentration or the micro-architecture). In another example, Lin et al. 

utilized projection printing to investigate cellular responses to varying scaffold porosities 

(Figure 1.3A) [34]. After encapsulating adipose-derived stem cells within the structures 

and incubating for seven days, an MTS assay reported a higher cell viability and activity 

of the cells in porous structures than in solid, non-porous structures (Figure 1.3B).



	  

	  

8	  

        
Figure 1.2: Layer-by-layer fabrication. A) Schematic shows layer-by-layer 
manufacturing of log-pile and hexagonal internal architecture. Optical images depict 3D 
scaffolds using GelMA biomaterial. B) Mechanical properties of scaffolds having 
hexagonal or log-pile structures using various GelMA percentages. Prepolymer 
concentration and engineered structures can be used to tailor the mechanical properties of 
the GelMA scaffolds. * indicates statistical significance (p < 0.05). C) 3D confocal 
images showing scaffold coverage by the HUVEC-GFP cells and cell penetration into the 
porous structure as a function of time; Inset: SEM image of hexagonal layered scaffold 
[22]. Scale = 100 µm  
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Figure 1.3: Examples of Stereolithography Fabrication A) 3D gels of varying porosity 
fabricated by projection stereolithography, with the CAD drawings and resulting internal 
architectures. Scale bar = 500 µm unless otherwise indicated. B) Relative cell activity 
assessed by MTS assay, using either solid or porous scaffolds [34].  
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Another parameter in tissue engineering – Poisson’s ratio (PR) – has also been 

investigated using projection printing [39, 40, 42]. In general, the mechanical properties 

of a biomaterial scaffold can be quantitatively described by its elastic modulus and PR. 

Elastic modulus of the underlying substrate describes the material’s elastic behavior 

during loading, while PR refers to the degree at which the scaffold contracts/expands in 

the transverse direction. Previously, research has extensively reported on the connection 

between a substrate’s elastic modulus and cell response [43, 44]. PR has been less 

explored with conventional manufacturing approaches (e.g. annealing of polyurethane 

foams), because they offer little control over the microarchitecture [45, 46]. 

Light-assisted direct-writing, on the other hand, can provide precise control over 

this parameter. For instance, our lab used the DOPsL platform to fabricate unit-cell 

geometries for negative Poisson’s ratio (NPR) (re-entrant structure, missing rib model) 

and zero Poisson ratio (ZPR) (semi-reentrant structure) scaffolds (Figure 1.4A). Figure 

1.4B shows a structure undergoing tensile stress and expanding in the transverse 

direction, thereby demonstrating NPR. Analysis of the PR effect according to several 

unit-cells is documented in Figure 1.4C. Scaffolds exhibiting NPR (those which expand 

upon application of tensile stress) or ZPR may be more suitable for emulating the 

behavior of certain native tissues (e.g. expansion in blood vessels), and could be further 

investigated with projection printing.  

These examples and others serve to demonstrate the versatility of projection 

printing systems in fabricating complex 3D structures of varying topographical features, 

mechanical properties, and porosity. Additionally, projection printing offers superior 

fabrication speeds (e.g. DOPsL fabricates within seconds) as compared to serial writing
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Figure 1.4: Exploring Poisson’s Ratio with Scaffold Design A) Unit-cell parameters 
and relevant dimensional parameters of NPR (reentrant honeycomb, cut missing rib) and 
ZPR (semi-re-entrant) architectures. The walls of the unit-cells (denoted as ribs) are 
approximately 40 µm wide and 50-100 µm deep. B) PEGDA scaffolds with NPR expand 
with application of strain in X-axis (white arrow). Scale = 1 mm. C) Measured Poisson’s 
ratio as a function of true strain for single-layer PEGDA scaffolds composed of the 
reentrant, missing-rib, and intact-rib (control) unit-cell geometries [42]. 
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of two/multiple-photon polymerization [19, 41]. However, limitations include the 

resolution feature size (due to limitations of the projection lens and material swelling), 

the requirement of using photopolymerizable materials, and the effect of UV exposure to 

cells and photosensitive biomaterials [19, 47]. Improved optics will continue to enhance 

the resolution, and the expanding library of photopolymerizable materials will allow for 

increased scaffold complexity. 

 
1.3 Laser-based techniques 
 
 Many of the concepts introduced with the projection-based systems, including 

material selection, geometry optimization, cell seeding and encapsulation design, also 

apply to the laser-based systems [18]. Historically, laser-based printing techniques such 

as laser-direct-writing [48, 49], laser-induced forward transfer (LIFT) [50], matrix-

assisted pulsed laser evaporation (MAPLE) [51] etc., have been used to spatially pattern 

cells in 2D [52, 53], with limitations of low cell viability and throughput. Recently, 3D 

laser bioprinting has evolved to additive manufacturing (e.g. layer-by-layer) [54-56]. 

 3D laser direct-writing incorporates a CAD model numerically sliced into a series 

of 2D layers, and fabricates 3D structures utilizing a motorized stage (controlled in XYZ) 

to manipulate the sample or laser (Figure 1.5A) [33, 57]. Laser-based fabrication differs 

from projection printing primarily in its light source [58-60], where a laser focused 

through an objective lens is used to crosslink and polymerize a liquid biopolymer. 

Writing width can be modulated and controlled by exposure energy – dictated by the 

beam size and laser power – and writing speed. After the first layer is crosslinked, the 

stage moves downward and a new layer of polymer is solidified according to the design.
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Figure 1.5: Laser Stereolithography of Biomaterial Structures A) Schematic of laser 
stereolithography using SLA (stereolithography apparatus) [57]. B) resulting SLA-
fabricated 3D hydrogels with six layers [57]. Scale bars = 1 mm. C) spatially-patterned 
3D scaffolds fabricated by laser-assisted stereolithography [61]. 
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One such system, termed SLA (stereolithography apparatus), employs a focused single-

photon UV laser to polymerize photocurable materials [57]. Chan et al. used SLA for 

generating controlled 3D structures to co-culture a heterogeneous cell distribution and 

assess long-term cell viability (Figure 1.5B). In a similar laser setup, Mapili et al. 

demonstrated a multilayer PEG hydrogel scaffold functionalized with heparin or RGD-

peptide sequences for cell adhesion (Figure 1.5C) [61].  

 Two-photon polymerization (TPP) is another type of laser-based direct-writing 

which uses focused near-infrared (NIR) femtosecond laser pulses (wavelength ~ 800 nm) 

to trigger crosslinking of a photosensitive biomaterial [62]. In this fabrication technique, 

simultaneous absorption of two NIR photons generates free radicals to initiate the 

polymerization of volume-blocks (voxels) [63-65]. A distinct advantage of this system is 

the nonlinear nature of the laser-material interaction, achieving feature sizes below the 

diffraction limit of applied light. This process allows for better resolution at the expense 

of slower speeds and limited scalability (due to restrictions of the objective lens’ working 

distance) compared to single photon polymerization (e.g. SLA) (Figure 1.6A). Figure 

1.6B shows a typical TPP laser setup. In tissue engineering applications, TPP has been 

exploited to generate precise microscale biomaterial structures. For instance, in Figure 

1.6C, TPP was used to fabricate a 3D log-pile structure (1 micron width lines) made of 

PEGDA with spacing of 8 µm. In another example, a gradient array of microdots (2-10 

microns in diameter) were fabricated using a mixture of PEGDA and Cultrex 3-D Culture 

Matrix, a type of standardized basement membrane extract (Figure 1.6D) [66]. Lee et al. 

also demonstrated TPP fabrication of RGD-modified hydrogels to dictate cell migration 
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Figure 1.6: Laser-based Two-Photon Polymerization A) Principle of operation for 
single- and two-photon polymerization [69] B) Schematic of femtosecond laser 
fabrication set-up. C) Multi-layer log-pile scaffold with ~1 µm features [66]. D) gradient 
dot array at sub-micron resolution (the largest dot size ~4 µm, with spacing ~20 µm) 
fabricated by decreasing the laser-power from top to bottom. Biochemicals such as 
growth factors can be incorporated in these arrays [66]. E) 3D migration of cells within 
an RGD-modified PEG hydrogel, fabricated by TPP. (scale bar = 100 µm) [67] F) NPR 
and PPR structures patterned with TPP, and G) time-resolved single cell studies on an 
NPR structure (for details on this study, please refer to the reference) [68]. 
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in 3D (Figure 1.6E) [67]. These examples demonstrate TPP’s ability to chemically 

pattern and generate biostructures at cellular and subcellular scales. 

 Additionally, one can use TPP to explore the interaction of topographical features 

and single cell response. Similar to a study described in the projection printing section, 

Zhang et al. fabricated PEGDA-derived scaffolds exhibiting either NPR or PPR (negative 

or positive Poisson’s ratio, respectively) (Figure 1.6F) [68]. Cell motility, orientation, and 

proliferation varied between NPR and PPR constructs, suggesting that PR plays a role in 

cell fate (Figure 1.6G); further tests are needed to promote this claim, however. 

Importantly, single cell studies are possible with TPP due to its high resolution of 

fabrication, compared to single photon or projection printing.  

  
1.4 Summary 
 

Both projection printing (e.g. DOPsL) and laser-based direct-writing systems 

(SLA, TPP) offer promising technologies to fabricate 3D bioconstructs with precise 

micro- and nano-architecture. Though these processes require photopolymerizable 

materials, the library of such materials continues to expand, accommodating for various 

scaffold properties (e.g. stiffness, porosity, swelling) in a 3D setting. Additionally, 

projection printing allows for the rapid printing of various complex structures, 

demonstrating its potential for high throughput screening. Though typically slower than 

projection printing (and SLA), TPP provides a high-resolution alternative to direct-

writing for the fabrication of nanoscale features, and could play a significant role in 

single cell analysis in the years to come.  
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More interesting yet, combining several platforms such as projection printing and 

TPP could enable researchers to study a multitude of parameters in 3D. Light-assisted 

direct-writing could also compliment non-light-assisted direct-writing platforms (e.g. 

nozzle-based or extrusion systems) for generating precise nano/microscale features and 

chemical patterning within a larger scaffold. In the years ahead, we welcome the 

convergence of multiple printing technologies in the pursuit of growing physiologically 

relevant 3D tissue constructs in vitro (i.e. tissue-on-a-chip). Such in vitro biomimetic 

LOCs will enable us to more accurately answer basic cell biology questions and monitor 

various testing parameters (e.g. drug toxicity/discovery, (patho)physiology) prior to more 

expensive in vivo models. 

The aims of this dissertation are (1) to use novel laser-based systems for 

patterning hydrogels, for understanding complex cellular interactions in their 

microenvironment on various substrates and 3D matrices, (2) to use 3D projection 

printing to develop in vitro models for understanding the cellular microenvironment in 

3D, and (3) to develop a 3D printed tumor model for understanding tumor progression 

and response to clinically-relevant drugs. 

Chapter 2 of this dissertation describes a new technique called digital plasmonic 

patterning (DPP) that alters a hydrogel substrate stiffness and studies the cellular 

interactions as a result of durotaxis. Chapter 3 builds on the technique from Chapter 2 and 

uses ultrafast laser-induced degradation (ULID) to pattern a collagen hydrogel in 3D. 

Cell migration, alignment and tube formation are noted as a result of the patterned 

channels (void spaces). Chapters 4 and 5 utilize a 3D projection printer for developing 

3D cellular systems and studying tumor progression. Chapter 4 describes 3D printed 
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concave hydrogels for generating tumor spheroids and embryoid bodies, and shows their 

progression as representative of the in vivo environment. Chapter 5 describes a 3D 

printed co-culture angiogenesis model of glioblastoma and its vasculature, highlighting 

the tumor progression (invasion, vascular cooption) in response to various clinically-

relevant drugs. 
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Chapter 2 
 
Digital Plasmonic Patterning for  
 
Localized Tuning of Hydrogel Stiffness 
 
Abstract 
 

The mechanical properties of the extracellular matrix (ECM) can dictate cell fate 

in biological systems. In tissue engineering, varying the stiffness of hydrogels – water-

swollen polymeric networks that act as ECM substrates– has previously been 

demonstrated to control cell migration, proliferation, and differentiation. Here, we 

developed “digital plasmonic patterning” (DPP) to mechanically alter a hydrogel 

encapsulated with gold nanorods using a near-infrared laser, according to a digital 

(computer-generated) pattern. DPP can provide orders of magnitude changes in stiffness, 

and can be tuned by laser intensity and speed of writing. In vitro cellular experiments 

using A7R5 smooth muscle cells confirm cell migration and alignment according to these 

patterns, making DPP a useful technique for mechanically patterning hydrogels for 

various biomedical applications. 
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2.1  Introduction 

Patterning biomaterials in a controlled, systematic fashion is a focal point in the 

fields of tissue engineering and more broadly biomedical research [1-3]. The engineering 

of heterogeneous material properties can instigate a complex cellular response, better 

mimicking the complexity of tissue in vivo [4, 5]. Specifically, mechanics of the 

extracellular matrix have been demonstrated to play a pivotal role in governing cell fate 

[6-8]. For instance, soft (~1 kPa) versus stiff (>30 kPa) materials can dictate adipogenic 

or osteogenic lineages in stem cell differentiation, respectively [9]. Additionally, it has 

been shown that stiff materials provide enhanced traction for cell motility, compared to 

soft substrates [10]. Consequently, adhesive cells preferably migrate toward stiffer 

substrates by focal adhesion polarization when exposed to a stiffness gradient. This 

phenomenon is called durotaxis and is observed in many cell cultures including smooth 

muscle cells and stem cells [8, 11, 12]. The design of biomaterials with tunable 

mechanical properties is thus central to tissue engineering, and can facilitate cell 

migration, proliferation, and differentiation. 

In this chapter, we describe a new patterning technique called “digital plasmonic 

patterning” (DPP) to alter mechanical properties of a polymeric hydrogel. Gold nanorods 

within a loosely crosslinked poly(ethylene glycol) (PEG) hydrogel matrix absorb a 

focused laser to generate heat and thermally crosslink the network further. A 

femtosecond near-infrared (NIR) laser beam (pulse width = 100 femtoseconds, 

wavelength = 800 nm, 80 MHz) passes through an objective lens onto a motorized 

microscope stage and the stage moves according to a digital (computer-generated) 
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pattern. Atomic force microscopy (AFM) is used to assess stiffness profiles on the 

hydrogel substrate. Changes in both light intensity and speed of writing can alter the 

crosslinking (and accompanying stiffness increase) of the matrix. We then assess cellular 

response to the patterned stiffness, demonstrating a high degree of cell migration and 

alignment to the patterns.  

Previously, other fabrication techniques have been used to pattern mechanical 

changes in hydrogels, such as photolithography [8, 13]. However, multiple materials and 

hard masks are a requirement of these types of processes, in addition to clean room 

conditions. Here, DPP can enhance a hydrogel’s stiffness on the same gel template (with 

no additional materials), in a highly tunable fashion and without the requirement of a 

physical mask or clean room. DPP represents a potentially useful tool in locally tuning 

the mechanical properties of hydrogels for biomedical applications.  

 

2.2  Materials and Methods 

2.2.1  Materials 

For gold nanorod synthesis and modification, hydrochloroauric acid (HAuCl4), 

silver nitrate (AgNO3), sodium borohydride, and L-ascorbic acid were purchased from 

Sigma-Aldrich and cetyltrimethylammonium bromide (CTAB) was purchased from 

CalBioChem (EMD Millipore). Milli-Q water (18.2 Ω, MilliPore) was used in all 

synthesis steps. mPEG-thiol (5 kDa) (Nanocs) was used in nanorod surface modification. 

For pre-polymer solution, poly(ethylene glycol)diacrylate (PEGDA) (575 Da, Sigma), 

Milli-Q H2O (Milli-Pore), and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 
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photoinitiator [14] were used. Acryloyl-PEG-RGDS was synthesized according to 

previous protocols [15]. 

2.2.2  Digital Plasmonic Patterning 

Hydrogels patterned by DPP were made in a two-step polymerization process. 

First, a prepolymer solution was photopolymerized with UV light, creating a partially 

polymerized hydrogel network. Second, a focused NIR laser was used to crosslink the 

network further. Gold nanorods (average length = 33.2 ± 3.0 nm, width = 9.5 ± 1.1 nm, 

aspect ratio = 3.5 ± 0.5) were synthesized according to a general wet chemical synthesis 

and surface modified with PEG-SH to reduce cytotoxicity [16, 17]. A prepolymer 

solution was made consisting of 9% (v/v) poly(ethylene glycol) diacrylate (MW 575 Da), 

1 nM gold nanorods, and 0.05% (w/v) LAP photoinitiator in diH2O. The solution was 

pipetted between two glass slides and a cover slip spacer (#1 thickness, Chemglass), 

where one side was methacrylated glass for chemical linkage to the hydrogel and the 

other side was coated with dichlorodimethylsilane (DCDMS), a hydrophobic monolayer 

to allow easy hydrogel removal. The solution was exposed to UV light (350 nm, 4.5 mW 

cm-2, UVP) for 10 or 12 seconds to produce partially crosslinked gels with stiffness 

measurements of 7 kPa or 17 kPa, respectively. Gels were incubated in diH2O for several 

days to remove any unreacted materials from the gel, then placed on a glass coverslip 

with 25 µl fresh diH2O and secured to an automatic stage atop an inverted microscope. 

Patterning via DPP occurred when a femtosecond laser beam (800 nm, 80 MHz, 

Coherent) was focused through the laser objective lens (10x, NA 0.45) and onto the gel 

sample. Patterns were drawn according to a digital mask designed on the computer and 

relayed to the stage controller (MS2000, ASI) for controlled writing speed (mm/s). 
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2.2.3  AFM Analysis: Mechanical and Topographical Testing 

Stiffness of the hydrogel was confirmed by atomic force microscopy (AFM; 

MFP3D, Asylum Research) as detailed previously [8, 18]. Briefly, a pyramidal probe, 

0.08 N m-1 spring constant with a 35° half angle (PNP-TR20, Nanoworld), was used to 

indent a substrate every 10 µm in triplicate over two repeats of the low/high pattern 

stripes. The probe indentation velocity was fixed at 2 µm/s with the trigger force of 2 nN. 

Elastic modulus maps were determined by the Hertz cone model with a sample Poisson 

ratio of 0.5 fit over a range of 10%-90% indentation force [18]. Surface height is also 

simultaneously computed based on when probe deflection occurs as it indents the 

material. AFM software (Igor pro 6.22) was applied to generate the stiffness and analyze 

height data. 

2.2.4  in Vitro Cell Studies 

Prepolymer solution was modified with 2.5 mM acryloyl-PEG-RGDS prior to the 

first crosslinking step to facilitate cell attachment to the hydrogels. Gels were patterned 

by DPP with 80 mW of laser power and 1.0 mm s-1 writing speed, and were subsequently 

exposed to 2% Penn/strep in PBS for several days in a 24-well plate followed by 1hr of 

UV-exposure (cell culture hood) for sterilization. A7R5 smooth muscle cells were 

cultured in Dulbecco’s Modified Eagle’s Medium with 10% FBS, trypsinized, and seeded 

at a cell density of 25,000 cells mL-1 into each well. Media was exchanged every two 

days. Images were captured at various timepoints (up to six days) using DIC microscopy. 

Cells were fixed on day 6 with 4% paraformaldehyde and stained for actin and nuclei 

with rhodamine phalloidin and DAPI fluorescent dyes, respectively.  Fluorescent images 
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were captured with a Leica fluorescent microscope and analyzed for cell distributions and 

alignment (determined by the long axis of the nuclei) using ImageJ computer software.  

 

2.3 Results and Discussion 

2.3.1  The DPP Platform: a Two-Step Polymerization Process 

Hydrogels patterned using DPP technology were fabricated in a two-step 

polymerization process (Figure 2.1A). In the first step, a loosely-crosslinked hydrogel 

was made by UV photopolymerization. A prepolymer solution – consisting of 9% (v/v) 

PEG diacrylate (PEGDA) (MW 575 Da), 0.05% (w/v) LAP photointiator, 1 nM gold 

nanorods, and diH20 – was administered between glass coverslips and exposed to a UV 

light source (350 nm, 4.5 mW cm-2) for various times (see methods for details). The UV 

light permits free radical polymerization through conversion of the acrylate double bonds 

on the PEG monomer. DPP represents the second step of polymerization. Highlighting its 

digital nature, a computer-generated design was applied to the stage controller and 

patterned within a few minutes on the hydrogel substrate (depending on the fabrication 

parameters and scale of the design). The resulting pattern was visualized under 

brightfield microscopy without the requirement of any fluorescent tags or external 

labeling techniques. The darker regions can be attributed to higher material density due to 

DPP crosslinking of the network. 

The mechanism of crosslinking during the two-step polymerization process is 

illustrated in Figure 2.1B. We anticipate only partial acrylate conversion in the first step 

thereby producing a “partially-crosslinked” soft gel that serves as a template for further  
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Figure 2.1: General Process of DPP. A) Two-step process of making patterned 
hydrogels, with the outset showing the prepolymer constituents (gold nanorods and PEG 
diacrylate). A partially-crosslinked network is photopolymerized under UV light (1), 
followed by DPP patterning using a focused NIR laser (2), causing further crosslinking to 
take place. B) Digital image patterned onto the hydrogel substrate, and mechanism of 
crosslinking illustrated. 
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mechanical patterning.  We conjecture that DPP drives conversion of the remaining free 

acrylate bonds due to thermal crosslinking, in addition to possible physical entanglements 

of the PEG chains.  

PEG hydrogels have traditionally been utilized in tissue engineering research for 

their biocompatibility, high water retention, low immunogenicity and strong molecule 

transport [19, 20]. Additionally, PEG can be easily functionalized with cell adhesion 

peptides (e.g. RGD) and synthesized with a range of molecular weights and crosslinking 

arms, allowing for a variety of material properties tailored to a specific application and 

design. In this research project, while we explored relatively high-molecular weight 

PEGs (e.g. 10 kDa), we ultimately chose a low-molecular weight PEGDA (575 Da) to 

limit hydrogel swelling after the first step of polymerization and encourage thermal 

crosslinking in the subsequent DPP step. 

During DPP, gold nanorods embedded in the hydrogel matrix were 

photothermally excited by a femtosecond NIR laser to mechanically pattern the substrate. 

The laser was directed through the objective lens (10x, NA = 0.45) and onto a motorized 

microscope stage where the laser beam is focused onto the sample. Based on microscopic 

inspection, we concluded the beam size was around ~40-50 µm in diameter and exhibited 

a Gaussian distribution. The beam size is a limitation of our setup, though presumably 

this could be further narrowed with higher magnification systems that produce a more 

focused laser beam. Importantly, the laser wavelength (800 nm) coincided with the 

longitudinal surface plasmon peak of the gold nanorods, allowing for their plasmonic 

enhancement (Figure 2.2). It has been well documented that gold nanorod absorption at 
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Figure 2.2: Plasmonic enhancement of gold nanorods. A) Absorbance of aqueous gold 
nanorod solution in relation to the laser wavelength (inset: transmission electron 
microscopy image of gold nanorods, scale bar = 50 nm). B) Mechanism of the 
photothermal effect, where the nanorods absorb near-infrared light at their surface 
plasmon resonance (800 nm) to produce a thermal output. 
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their plasmon resonance produces a photothermal effect due to excitable electrons on the 

nanoparticle surface, releasing energy in the form of phonons [21, 22]. Due to this 

photothermal crosslinking event, we performed the DPP step prior to any cell seeding to 

prevent cellular damage, a limitation of the current fabrication design.  

2.3.2  Surface Topography and Mechanical Characterization 

It was important to verify whether the nanorods themselves contributed to 

topographical features on the hydrogel substrate, which could potentially affect cell 

responses. AFM was used to assess the surface topography and the results are shown in 

Figure 2.3. The surface appears smooth across samples with and without nanorods, 

confirming that gold nanorods did not contribute to the surface nanotopography.  

Figure 2.4 depicts the AFM mechanical testing of DPP hydrogel substrates. We 

fabricated hydrogels with a baseline stiffness of 17 kPa for mechanical patterning, though 

this value could be adjusted by the time of UV exposure during the first polymerization 

step. Laser intensity was tuned using a polarizer to achieve either 80 mW or 100 mW of 

average power and writing speeds were set to 1.0, 1.5 or 2.0 mm s-1 by a motorized stage 

controller. Figure 2.4A shows a microscope image of the AFM tip over the DPP stiffened 

regions of the hydrogel (darkened regions).  Interestingly, both writing speed and laser 

intensity determined the degree to which the hydrogel stiffened. For instance, DPP 

writing criteria of 80 mW : 1.0 mm s-1, 80 mW : 1.5 mm s-1, 80 mW : 2.0 mm s-1 and 100 

mW : 2.0 mm s-1 produced stiffness peaks of 350 ± 12 kPa, 65 ± 6 kPa, 35 ± 3 kPa, and 

79 ± 11 kPa, with topographical changes of -4.1 ± 0.1 µm, -0.7 ± 0.2 µm, -1.2 ± 0.1 µm, 

and -1.37 ± 0.0 µm, respectively (Figure 2.4B-D). We explored another baseline stiffness 

of 7 kPa and the results appear in Figure 2.5. In both cases, it was observed that
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Figure 2.3: Surface nanotopography of PEG hydrogels A) without and B) with gold 
nanorods, at a constant stiffness. 
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Figure 2.4: AFM Characterization. A) AFM tip over a patterned hydrogel substrate. 
AFM analysis of B) mechanical and C) topographical changes associated with DPP areas 
on hydrogel with various laser intensities and writing speeds. D) Quantification of max 
stiffness and height change from B) and C).  
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Figure 2.5: AFM results for 7 kPa gels. A) Mechanical changes and B) surface height 
changes according to various laser intensities and writing speeds. 
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increasing the laser intensity or decreasing the laser writing speed produced an increase 

in the stiffness jump. The marginal change in topography can be attributed to a change in 

crosslinking density that affects the swelling of the material. By comparison, a fully 

crosslinked gel (prepolymer solution exposed to UV for ~10 min) produced a substrate 

stiffness of ~ 250 kPa. Thus, we believe that for stiffened regions greater than 250 kPa 

are a result of increased physical entanglement of the PEG chains.  

2.3.3  in Vitro Cellular Experiments 

Employing gold nanorods with their NIR-absorbing optical properties offers an 

interesting avenue for crosslinking hydrogels in tissue engineering. In previous 

biomedical research, gold nanorods have been utilized in triggered drug delivery, 

hydrogel actuation, and sensing [23-25]. A concern in each case is nanorod cell toxicity. 

Thus, we modified the nanorod surface with PEG-thiol (a non-biofouling, nontoxic 

coating) and selected a concentration of PEGylated nanorods (1 nM) that minimally 

affects cell viability [26].  

After validating the stiffness increases associated with DPP, we investigated the 

in vitro cellular response to the mechanical patterns. 17 kPa gels were patterned with 80 

mW : 1.0 mm s-1 (which produced an increase in stiffness to 370 kPa at the peak value, as 

noted in Figure 2.4). Gels were modified with the addition of 2.5 mM PEG-RGDS for cell 

adhesion. A7R5 smooth muscle cells were seeded onto the gels and grown for six days. 

Images were taken at each day to assess migratory patterns, and on day 6, cells were 

fixed and stained for actin and nuclei. The timelapse images in Figure 2.6A suggest that 

cells evenly distributed initially but migrated onto the patterned areas and elongated by 

day 3 or 4.  
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Figure 2.6B details the actin alignment according to patterns. We chose to vary 

the distance between patterns, namely 50 µm, 100 µm, and 150 µm, to assess cell 

recruitment and alignment. 50 µm spaced-patterns showed some bridging effects between 

cells in close proximity and on adjacent patterns, however all patterns exhibited optimal 

nuclei alignment. Moreover, these data suggest that once cells migrated to the pattern, 

they recruited other cells to form aligned cell aggregates. It is well known that cells 

migrate towards stiffer regions of their substrate, a process called durotaxis. At the 

molecular level, cells transmit mechanical signals from their extracellular environment – 

in this case a patterned hydrogel – via mechanotransduction pathways and undergo 

migration to stiffer areas [27]. By providing a means to control substrate stiffness, DPP 

can be a useful platform for studying a range of molecular sensing mechanisms during 

durotaxis. 
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Figure 2.6: in vitro Cell Analysis. A) A7R5 smooth muscle cells show migration to the 
stiffer regions patterned by DPP. B) A7R5 cells stained for actin/nuclei on day 6 after 
incubating on DPP stiffened hydrogels with 50, 100, 150 micron spacing between the 
patterns. Cell alignment is quantified according to the patterned lines (0 degrees being 
perfectly aligned to the pattern) and compared to controls with no patterning. 
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2.4 Conclusions 

DPP provides a novel way to spatially and tunably pattern mechanical changes on 

a hydrogel substrate. It allows the user to modulate stiffness according to laser intensity, 

writing speed and any digital pattern, thus providing enhanced flexibility in hydrogel 

design without the requirement of multiple polymer solutions or physical masks. DPP 

could be employed in various facets of tissue engineering, such as for studying tissue 

mechanics in governing cell fate (e.g. stem cell differentiation, migration, and 

proliferation). More generally, the platform could be used on a variety of temperature-

sensitive materials for the effect of altering scaffold mechanics (via thermal crosslinking 

or degradation). Patterning resolution could also be optimized with the appropriate 

automated stage and light configuration (e.g. ultra-focused laser). With its versatility and 

adaptability, DPP can be a potentially useful tool for mechanically patterning hydrogels 

in a designer fashion. 
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Chapter 3  
 
Three-dimensional cell patterning by 

ultrafast laser-induced degradation of 

collagen hydrogels 

Abstract 
 

We report a methodology for three-dimensional cell patterning through ultrafast 

laser induced degradation (ULID) in a hydrogel in situ. Gold nanorods within a cell-

encapsulating collagen hydrogel absorb a focused near-infrared femtosecond laser beam, 

locally degrading the collagen and forming channels, into which endothelial cells 

migrate, align, and eventually form tube-like structures, similar to the formation of 

micro-vessels. Pattern resolution can be tuned by writing speed, nanorod concentration, 

collagen concentration, and laser power. ULID presents a flexible, one-step, direct-write 

method that can be broadly applicable in 3D tissue engineering systems requiring spatial 

cellular patterning. 

 

 

 

 

 



	  

	  

46	  

3.1 Introduction 
 

Tissue engineering offers the ability to generate functional tissues for 

implantation and in vitro modeling [1]. Three-dimensional (3D) cellular organization is 

critical to the function of a given tissue, and moreover, vascular integration plays a 

crucial role in providing nutrient and gas transport to the rest of the tissue [2-6]. Thus, 

materials that enable 3D organization of the tissue and its vasculature are of high 

importance [7, 8]. Hydrogels – water-swollen polymer networks - are extensively used as 

the scaffolding in engineered tissues [9]. There are various ways to control hydrogel 

structure in 3D for the purpose of dictating cellular organization. 3D printing, which 

includes extrusion, stereolithography, and projection printing, builds hydrogel structures 

in an additive fashion [10-12]. Oppositely, the selective removal of material from a bulk 

gel (for instance, using a ultrafast laser) can also generate 3D structures with precise 

architecture [13, 14]. 

To this end, we developed a novel 3D patterning method - ultrafast laser-induced 

degradation (ULID) – to pattern hydrogels that can be spatially degraded to promote cell 

recruitment, alignment, and ultimately vascular tube formation in vitro (Figure 3.1). The 

hydrogel is composed of collagen with gold nanorods that absorb NIR light at their 

plasmon resonance to photothermally degrade the collagen and create internal channels. 

Photothermal activation in temperature-sensitive materials has previously been explored 

for triggered drug release, bulk hydrogel degradation, and 2D hydrogel patterning [10, 

15, 16]. Here, we report for the first time its utility in 3D hydrogel patterning. Patterning 

takes place within milliseconds and can be tuned by the laser writing speed, gold nanorod 
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concentration, collagen concentration and laser power. We empirically determined the 

optimal parameters to achieve high cell viability and reproducible patterning that enables 

vascular tube formation, making this ULID platform a viable alternative for cellular 

patterning in 3D, as well as an important step towards creating microvasculature in tissue 

engineered hydrogels. 

 
3.2 Materials and Methods 
 
3.2.1  Materials 
 

For gold nanorods, hydrochloroauric acid (HAuCl4), silver nitrate (AgNO3), 

sodium borohydride (NaBH4), and L-ascorbic acid were purchased from Sigma-Aldrich 

and cetyltrimethylammonium bromide (CTAB) was purchased from CalBioChem (EMD 

Millipore). Milli-Q water (18.2 Ω, MilliPore) was used in all synthesis steps. mPEG-thiol 

(5 kDa) (Nanocs) was used in nanorod surface modification. For hydrogels, collagen I, 

High Concentration (8.7 mg/mL) (VWR) was purchased. 

3.2.2  Gold Nanorod Synthesis and Surface Modification 
 

Gold nanorods were synthesized and using a seed-mediated growth and surface-

modification methodology as previously described with some modifications [17]. 7.5mL 

0.1M of CTAB was mixed with 250µL 0.01M HAuCl4, followed by addition of 600µL 

0.01 NaBH4. Seeds formed after 2 minutes of mixing. The growth solution was prepared 

by mixing 40mL of 0.1M CTAB, 1.7 mL 0.01M HAuCl4, 250µL of 0.01 AgNO3, and 

270 µL of 0.1M L-ascorbic acid, followed by 420µL of the seed solution. Nanorods 

formed after several hours. Nanorods were surface modified by first centrifuging twice at 

15,000 g, removing the supernatant and resuspending in diH2O, followed by adding 



	  

	  

48	  

 

 
 
 
 
 
 
 
 

 
Figure 3.1: ULID patterning process and resulting cell response. A) A near-infrared 
(NIR) laser is focused inside the optically clear hydrogel and triggers the photothermal 
degradation of the collagen internally according to a computer-generated design, thereby 
creating channels. B) Expected cell response to degraded channels, where cells migrate 
towards the channels, align, and eventually form tubular structures with hollow cores, 
resembling microvasculature.  
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mPEG-SH dropwise and allow to gently mix for 2 hours. Nanorods were again pelleted 

and washed in diH2O to remove excess reactants and sterilized through a 0.22 µm filter 

for later use. Final nanorod concentration was determined to be 5.45 e-9 M, by 

absorbance readings at its plasmon resonance (~800 nm). 

3.2.3  Cell Culture 
 

Bend3 mouse endothelial cells were used for cell culture experiments. Bend3 

were grown in EGM-2 media (Lonza) and passaged several times after thawing. In 

preparation for collagen gel experiments, cells were trypsinized in 0.25% trypsin-EDTA, 

pelleted and resuspended in EGM-2 at various concentrations (1.0 million/mL up to 5 

million/mL). 

3.2.4  Gelation of Collagen-nanorod Hydrogels 
 

Collagen gels were formed using the manufacturer’s instructions. Briefly, an ice-

cold mixture of 1.04µL of 1N NaOH, 10µL 10x dPBS, and 10 µL of nanorods at their 

final concentration was prepared. Next, 33 µL of either diH2O or cells at various 

concentrations (in EGM-2) was added, again kept at 4 degrees. 46 µL of stock Collagen I 

(8.7 mg/mL) was added to the solution and pipetted slowly to mix the contents without 

producing air bubbles. The mixed solution was then added to 35 mm glass-bottom dishes 

with 10 mm wells (#0 cover glass, In Vitro Scientific) and placed in the incubator (37 

degrees C, 5.0% CO2) for 30 minutes. Following gelation, 2 mL of warmed EGM-2 

media was added for cell culture. 

3.2.5  in Vitro Hydrogel Patterning with bend3 Endothelial Cells 
 

Gels were immediately used for patterning following gelation and addition of 

warmed media. The glass dishes were placed on an automatic stage atop an inverted 
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microscope (Olympus). A femtosecond laser beam (100 femtoseconds, 800 nm 

wavelength, 80 MHz, Coherent) was used to pattern the samples. The laser was focused 

through the laser objective lens (10x, NA 0.45) and onto the gel sample. Patterns were 

drawn inside the hydrogels by varying the focal plane of the beam (in z-direction) and 

according to digital masks designed on the computer, with controlled writing speeds 

(mm/s) using the stage controller (MS2000, ASI). Average power of the laser beam was 

modulated using an attenuator, varying the power from 100 - 290 mW, read by a power 

meter (Coherent Fieldmax). 

2.3 Results and Discussion 
 

Collagen hydrogels with gold nanorods displayed an absorbance profile similar to 

that of the nanorods in solution (Figure 3.2a), peaking at 800nm – coinciding with the 

wavelength of the NIR femtosecond laser. Collagen hydrogels without nanorods, 

conversely, showed low absorbance at 800 nm. When exposed to maximum power and 

the slowest speed (290 mW, 0.25 mm/s), collagen hydrogels without nanorods (collagen 

– NR) showed no changes in hydrogel morphology and resulting cell organization, 

suggesting the gold nanorods played a key role in the patterning mechanism (Figure 3.3). 

Figure 3.2b displays a computer-designed pattern using ULID on a collagen-NR hydrogel 

and the resulting image using brightfield microscopy. 

Internal patterning of the collagen-nanorod hydrogel was a modular process, 

where laser power and writing speed (in millimeters per second, mm/s) altered the 

diameter of the resulting channel pattern. Figure 3.4a displays brightfield images of the 

resulting patterns in the collagen gel exposed to 100 mW or 150 mW laser power, at laser  
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Figure 3.2: Characterization of materials. A) Absorbance of collagen hydrogels with 
and without nanorods, compared to nanorods in aqueous solution. The laser wavelength 
is also highlighted (800 nm). B) Image of gel within the glass dish, with outset showing 
the brightfield image of the same pattern. 
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Figure 3.3: Collagen without nanorods displays no pattern. Top view of a collagen 
hydrogel without nanorods showing no response to NIR light at maximum power and 
slow writing speeds (290 mW, 0.25 mm/s, respectively). 
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Figure 3.4: Characterization of ULID patterning. A) Brightfield images of the 
patterned lines at different writing speeds (0.25, 0.75, and 2.0 mm/s) and laser powers 
(100 and 150 mW). B) Characterization of patterned line widths in response to various 
writing speeds and laser powers. 
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scanning speeds of 0.25 mm/s, 0.75 mm/s, or 2.0 mm/s. Figure 3.4b shows the graphical 

representation of this data. An inverse relationship exists between the writing speed and 

pattern width. Laser power determines the threshold pattern size, where 100mW can 

generate 8.7 ± 0.5 µm resolution patterns (equal to the diameter of the laser beam) while 

higher powers such as 150mW and 190mW plateaued at 56.7 ± 3.0 µm and 128.6 ± 9.3 

µm, respectively. Patterns made with 290mW power were barely distinguishable as the 

response in the collagen gel degraded the entire construct, however at a speed of 2.0 

mm/s, the resolution was roughly 179.3 ± 23.5 µm. Writing speeds greater than 2.0 mm/s 

were not possible due to limitations with the automated stage, but presumably the 

patterns could become even more optically defined with faster speeds. 

For cell studies, collagen-nanorod hydrogels with bend3 endothelial cells at a 

concentration of 1000 cells per µl were used. We patterned channels using various 

powers and writing speeds and performed a fluorescent live/dead assay with calcein 

AM/ethidium homodimer (Figure 3.5a). We believe collagen degradation is occurring 

because the cells appear loose and mobile in the patterned region upon irradiation of the 

NIR light. Ultimately, we chose a writing speed of 2.0 mm/s and a laser power of 100 

mW for the remaining cell experiments due to their high pattern fidelity and high cell 

viability (>90%). We allowed collagen gels to incubate for several weeks, during which 

we observed cell migration towards the patterns, cell elongation on the walls, and by day 

7 demonstrated hollow tube formation (Figure 3.5B). We confirmed that the channels 

were inducing this cellular organization by comparing with hydrogels without patterns 

(Figure 3.6). It is clearly shown that the patterns induce cellular tube formation. 
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Figure 3.5: Endothelial cell response to 3D patterning. A) Live/dead fluorescent 
images overlayed with brightfield images, denoting differences in cell viability according 
to different writing speeds (0.25 and 2.0 mm/s) at 150mW laser power. B) Cell migration 
and tube formation, visualized in brightfield. C) Endothelial tube formation visualized 
with confocal, showing hollow cores in the YZ plane and aligned endothelial cells in the 
XY plane. 
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Figure 3.6: Pattern vs. no pattern cell response. Cell response to patterned and 
unpatterned collagen gels with gold nanorods after 14 days of culture. 
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To further confirm this phenomenon, the gels were fixed and stained for actin and 

nuclei and imaged using confocal microscopy. Using Volocity 3D reconstruction 

software (PerkinElmer Inc), we were able to visually observe the tube structure (Figure 

3.5C), and XY and YZ planes confirmed the tubes length and hollow nature (Figure 3.5C 

outset). These data suggest tube formation occurred along the hollowed degraded channel 

and that endothelial cells populated the channel walls, forming hollow tubes similar to 

vessel formation in vasculogenesis. 

The concept of spatially degrading a hydrogel for directing cellular response has 

been previously explored [14]. Groups have developed photolabile materials that respond 

to UV or visible light. One disadvantage of these systems, however, is the relatively long 

timescale – in minutes – to achieve patterning. Another disadvantage is that the shorter 

wavelengths (<600 nm) are damaging to cellular content, since water absorbs more light 

in those wavelengths. Here we demonstrated hydrogel patterning with NIR light as a 

more benign way to pattern hydrogels as it is minimally absorbed by water [18]. The 

efficient absorption of NIR light by the gold NRs and subsequent photothermal 

degradation of collagen allows for rapid patterning and minimizes cell exposure and thus 

potential for cell damage. We previously demonstrated a method to pattern gold nanorod-

hydrogel substrates in 2D [16], however, to our knowledge, this concept has not yet been 

explored in 3D hydrogel patterning. Additionally, it was previously demonstrated that 

hydrated collagen (similar to our collagen hydrogel) degrades at 55˚C [19]. Thus, it can 

be interpreted that our patterns are momentarily (i.e. for milliseconds) heating up to this 

temperature during patterning before returning to sink conditions of 37˚C. Below a 

certain threshold (e.g. patterning at 50mW and 2.0 mm/s) we see no pattern and resulting 
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cell response. Therefore we believe the collagen is not degrading in this instance (Figure 

3.3). 

As with any new fabrication/materials/ process, finding an application for NR 

induced hydrogel degradation is key. We found that a combination of the right parameter 

of nanorod concentration, collagen material, laser speed, and laser power allowed for 

fabrication of 3D channels inside a pre-made collagen encapsulating cell network with 

very little cell damage. Using a programmable 3D stage allows for complex vascular tube 

formation. Vasculogenesis within hydrogels has remained a hurdle for achieving tissues 

of scale for implantation and biomimetic tissue models for in vitro studies. Previously, 

only a few groups have reported guidance of tube formation using labor-intensive 

techniques such as micromolding and casting [20, 21]. Here, we demonstrated a facile, 

one-step process that instantaneously degrades channels within the hydrogel, allowing for 

on-demand cell patterning. We not only showed endothelial cell migration and elongation 

on degraded channels, but confocal microscopy confirmed that hollow tube formation had 

occurred after a week, with the tubes elongating over several weeks after. This result 

could be interpreted as a breakthrough in the vascularization of tissue engineering 

systems and could be broadly implemented in many different tissues and models. 

One such model that stands to benefit from this novel process is an angiogenesis 

model, whereby the creation of vascular tubes and subsequent seeding of a second cell 

type (e.g. cancer) can provide a facile means of studying angiogenesis between the two 

cell populations. Another possibility is to implement this platform with more complex 

vascular structures in hopes of guiding a biomimetic cellular organization in vitro. We 

believe this platform may also be generally applicable to many cell types that require 
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cellular organization in 3D, making it versatile and robust for tissue engineering systems. 

Lastly, while we showed complete collagen degradation, it may be achievable to incur 

partial degradation – or uncrosslinking – of the collagen network, or utilize a material 

whose degradation occurs at lower temperatures (closer to 37˚C) – which could allow for 

additionally altered cell responses.  
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2.4 Conclusions 
 

The described platform – ultrafast light-induced degradation (ULID) of hydrogels 

– allows for the patterning of internal channels in collagen hydrogels in situ, in this case 

enabling microvasculature formation. Alignment of nearby cells can be visualized as 

early as 1 day post-patterning, while migration and tube formation may take up to 14 

days. This platform has broad applications in in vitro cell patterning and can be applied to 

a host of light-responsive materials in addition to collagen. Furthermore, more complex 

patterns could be implemented to achieve a higher degree of 3D patterning. 
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Chapter 4  
 
Nonlinear 3D Projection Printing of 

Concave Hydrogel Microstructures for 

Long-Term Multicellular Spheroid and 

Embryoid Body Culture 

Abstract 
 

Long-term culture and monitoring of individual multicellular spheroids and 

embryoid bodies (EBs) remains a challenge for in vitro cell propogation. Here, we used a 

continuous 3D projection printing approach –with an important modification of nonlinear 

exposure — to generate concave hydrogel microstructures that permit spheroid growth 

and long-term maintenance, without the need for spheroid transfer. Breast cancer 

spheroids grown to 10 d in the concave structures showed hypoxic cores and signs of 

necrosis using immunofluorescent and histochemical staining, key features of the tumor 

microenvironment in vivo. EBs consisting of induced pluripotent stem cells (iPSCs) 

grown on the hydrogels demonstrated narrow size distribution and undifferentiated 

markers at 3 d, followed by signs of differentiation by the presence of cavities and 

staining of the three germ layers at 10 d. These findings demonstrate a new method for 
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long-term (e.g. beyond spheroid formation at day 2, and with media exchange) 3D cell 

culture that should be able to assist in cancer spheroid studies as well as embryogenesis 

and patient-derived disease modeling with iPSC EBs.  
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4.1 Introduction 
 
  In the fields of bioengineering and cell biology, three-dimensional (3D) cell 

culture provides a means to more accurately resemble the physiological in vivo 

environment for preclinical studies (e.g. drug screening, cellular assays) [1-3]. 

Specifically, multicellular spheroids have been extensively used for studying 

embryogenesis in the form of embryoid bodies (EBs) [4-6], adult tissue growth and 

organogenesis [7,8], cancer progression and liver toxicity [9,10]. To date, 

technologies that generate multicellular spheroids are limited in culture duration 

(requiring spheroid transfer), optical clarity issues for imaging, or broad size 

distributions. 

  The hanging-drop method is a commercially available technique that has 

been extensively utilized in spheroid culture, yet this process is labor intensive due 

to the need for spheroid transfer and sometimes lacks reproducibility [11]. 

Micromolding and photolithography have been used to create microwells made of 

PDMS [12,13], or hydrogels such as poly(ethylene glycol) (PEG) [14,15] and 

agarose [16]. But these technologies sometimes require multiple labor steps and 

produce microwells with limited optical transparency for imaging, protein 

adsorption issues, size restrictions or sample loss with media exhcange, thus 

resorting to spheroid transfer to another plate. 

  Here, we created hydrogel microstructures made of photocrosslinkable 

PEGDA with gradual concave topohraphies that are optically clear and can be 

utilized for long-term (e.g. with media-exchange, for durations beyond 2-3 days) 
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cell spheroid culture. PEG is an FDA approved biomaterial and often utilized in 

cell culture for its low immunogenicity, minimal protein adsorption, lack of 

adhesive peptides (which in turn limits cell-material interaction and promotes cell 

aggregation), as well as optical clarity [17]. The structures are fabricated with a 3D 

projection printer that uses nonlinear UV light exposure. We demonstrate their 

feasibility for spheroid culture in two distinct models – breast cancer spheroids and 

induced pluripotent stem cells (iPSC) EBs. In the breast cancer model, we grow 

the spheroids to 10 d, noting size changes and staining of hypoxia and necrosis, 

important markers in tumor progression [9]. Next, we use the platform to generate 

EBs of iPSCs. iPSCs have become a desirable cell type as they are autologous 

(patient-derived) by nature and thus have the potential to be used in a multitude of 

patient-specific in vitro models and therapies. We show tight uniformity in EB size 

after 3 d, with important undifferentiated markers expressed. Expanding the 

culture to 10 d, we witness the EBs’ spontaneous differentiation into the three 

germ layers, as evidenced by immunofluorescent staining. Importantly, EBs 

remained within the concave hydrogels during the entire process. This platform 

opens the door for more biological models to be developed of many cell types, 

including, but not limited to, cancer, embryogenesis, and patient-derived disease 

models using iPSCs. 
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4.2 Materials and Methods 
 
4.2.1  Continuous 3D Printing Using Nonlinear Optical Projection  

  This 3D printing protocol was adapted from a previously described 

technology [18], with the modification of nonlinear UV light exposure for 

generating concave structures. Prepolymer solution consisting of 20% 

poly(ethylene glycol) diacrylate (PEGDA) (MW 700, Sigma), 0.05% Irgacure 

2959 (Ciba) in phosphate buffer saline (PBS) was administered between two glass 

slides and exposed to 10 mW/cm2 UV light source (Omnicure S2000, 365 nm) 

using dynamic optical projection stereolithography setup. On the computer, a 

gradient pattern was designed in Adobe Photoshop and converted to a grayscale 

image. The image was then processed through in-house software and z-sliced into 

a series of transverse planes, according to the grayscale intensity of each pixel. 

These planes were successively and continuously fed onto the DMD chip as 

optical masks to be projected onto the prepolymer solution. Nonlinear exposure 

time was controlled by the following equation: 

Total exposure time = T0 + T0*(1+Li*A2)2             (1) 

where T0 is the exposure time for the base layer, Li is the layer number, and A2 is 

the nonlinear factor. Total exposure time is the aggregate exposure for all the 

layers. Based on the exposure time and inputted height, the software adjusts the 

speed of the automated stage. In this case, the z-height for all structures was held 

constant at 500 µm. Hydrogels were polymerized onto glass coverslips pretreated 

with the chemical modification of 3-(Trimethoxysilyl)-Propyl Methacrylate 
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(TMSPMA). After fabrication, the hydrogels were washed three times in PBS over 

the course of two days.  

4.2.2  Atomic Force Microscopy 

  Stiffness of the hydrogels was confirmed by atomic force microscopy 

(AFM; MFP3D, Asylum Research) as detailed previously [19, 20]. Briefly, a 

pyramidal probe, 0.08 N/m spring constant with a 35° half angle (PNP-TR20, 

Nanoworld), was used to indent the substrate. The probe indentation velocity was 

fixed at 2 µm/s with the trigger force of 2 nN. Elastic modulus maps were 

determined by the Hertz cone model with a sample Poisson ratio of 0.5 fit over a 

range of 10%-90% indentation force [20]. AFM software (Igor pro 6.22) was 

applied to generate the stiffness. 

4.2.3  Scanning Electron Microscopy (SEM) 

  Hydrogel samples were dehydrated using increasing amounts of 

ethanol:water (i.e. 20% ethanol, 30%, and so on) until they were submerged in 

100% ethanol and dried via critical point drying (Tousimis AutoSamdri 815A). 

Samples were then sputter coated with iridium and imaged using an FEI SFEG 

Ultra-High Resolution SEM. 

4.2.4  Breast Cancer Cell culture and Hydrogel Seeding 

  BT474 breast cancer cells were used for tumor spheroid studies. 

BT474 cells were obtained from ATCC and were maintained in RPMI-1640 media 

supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin/streptomycin/L-

glutamine, and Fungizone (Omega Scientific Inc.). Hydrogels were sterilized 
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under UV light, and BT474 cells were seeded into the wells at the concentrations 

of 250K mL-1 (LOW) and 750K mL-1 (HIGH). 

4.2.5  BT474 Spheroid Imaging, Sectioning, and Analysis 

  Brightfield images of cancer spheroids were taken at various timepoints 

using a Leica Fluorescence Microscope, and a live/dead fluorescence assay 

(calcein AM/ethidium homodimer) was performed at day 10 to qualitatively assess 

cell viability. Spheroid size was quantified using ImageJ software. Spheroids also 

grown to day 10 were fixed in 4% paraformaldehyde and cryosectioned at 20 µm 

thickness. Sections were stained for HIF-1α (1:50 HIF-1α mouse mAb, Novus 

Biologicals), a hypoxia marker, and DAPI, a nuclear stain, and H&E staining was 

also performed. 

4.2.6  Integration-free Human Induced Pluripotent Stem Cells (iPSCs) 

Generation  

  Human perinatal foreskin fibroblasts (BJ, ATCC) and human adult dermal 

fibroblasts (HDF, Cell Applications) were maintained in DMEM (Corning) 

supplemented with 10% FBS (Tissue Culture Biologicals) and 

Antibiotics/Antimicotic (Corning) in a 37°C, 5%CO2 incubator. Cells were 

passaged at a ratio of 1:6 every 3-5 days by 0.25% Trypsin-EDTA (Corning) 

before reprogramming. To prepare for reprogramming, fibroblasts were seeded at a 

density of 2 x 105 cells/well in 6-well plates, and allowed to attach and spread for 

48h. Reprogramming was performed following the instructions in a Sendai virus-

based Cyto Tune kit (Life technologies) for the delivery of four factors Oct4, Sox2, 

Klf4 and c-Myc. 
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4.2.7  Human iPSC Culture and EB Formation 

  Following successful reprogramming, growth factor reduced Matrigel (BD 

Biosciences, NJ, USA) was used as the substrate for the maintenance of the iPSCs 

culture in serum- and feeder-free conditioned medium (StemPro®, Life 

Technologies) following the manufacturer's instructions. Cells were split at a ratio 

of 1:6 every 3-4 days by Versene (Life Technologies) before experiments. 

  Similar to our cancer cell seeding protocol, hydrogels were sterilized under 

UV for 1 hour. Human iPSCs at 70–80% confluency were detached by Accutase 

(Innovative Cell Technologies) and resuspended in regular culture medium with 

5uM ROCK inhibitor Y27632 (Stemgent). Cells were seeded at concentrations of 

100 k or 400 k mL-1 into each of the well of a 24-well plate, which had an 

individual hydrogel array construct. The plates were spun at a speed of 50 g for 3 

minutes and then incubated in a 37°C, 5% CO2 incubator. Maintenance medium 

was replaced everyday. EBs formed spontaneously within the center of each 

concave hydrogel structure, and were monitored and imaged using a Leica DIC 

microscope. Image analysis (e.g. EB diameter size) was performed on imageJ 

software. 

4.2.8  EB Immunofluorescence Staining 

Embryoid bodies (EBs) were fixed within the hydrogels in 4% paraformaldehyde 

in PBS three days following seeding.  They were subsequently permeabilized with 0.1% 

Triton X-100 in PBS and incubated with antibodies against Oct4 (Cell Signaling 

Technology) and Nanog (Cell Signaling Technology) followed by fluorophore-

conjugated anti-IgG antibodies. DAPI (Invitrogen) nucleus counterstain was also 
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performed. For differentiation studies, EBs were grown in the same manner on the 

concave hydrogels at varying concentrations (100 or 400 k cells mL-1) for 10 days, 

followed by fixing and immunostaining with biomarkers for the three germ layers: SOX-

1 for ectoderm, SOX-17 for endoderm, and Brachyury for mesoderm (R&D Systems). 

Images were taken using a Leica fluorescence microscope and an Olympus confocal 

microscope. 

2.3 Results and Discussion 
 
  Concave hydrogel microstructures for spheroid culture were fabricated 

using a light-based, continuous 3D projection printing technology adapted with 

nonlinear UV light epxosure. (Figure 4.1A) [18,21]. A 2D image of a gradient 

circle pattern is converted to a series of layer slices (53 layers in total) based on its 

grayscale intensity at each pixel (Figure 4.1A). Each layer represents a cross-

sectional image in the series in proportion to the height of the structure (500 µm). 

The series is then fed to the digital micromirror device (DMD) for UV projection 

onto the photocurable prepolymer solution – in this case, 20% (w/v) poly(ethylene 

glycol) (PEG) diacrylate – in a continuous fashion. Importantly, this 3D printing 

technology permits the creation of any complex and precisely defined concave 

structure simply by changing the design or gradient of the inputted pattern (Figure 

4.2). This feature represents a major advancement to previous 3D printing 

platforms, which rely on printing one dot or one layer at a time, while overcoming 

limitations associated with micromolding of soft biomaterials with complex 

designs. 
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Figure 4.1: Continuous 3D printing process. A) Detailed schematic of the 
continuous 3D printing process. A grayscale image is divided into a series of 
digital masks (53 layers in total, 15 “base” layers where the entire structure is 
exposed to UV light). A white mask denotes a layer that is completely exposed to 
UV light, while black in the mask describes areas of no exposure for any given 
layer. Due to the gradient pattern in the grayscale image, the center of each 
concave structure receives the least amount of total UV exposure. The outputted 
structure is displayed on the right (scaled bar = 200 µm). B) Cross-sectional 
schematic of the 3D printing process over the course of all 53 layers. All scale bars 
= 200 µm. 
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Figure 4.2: Versatility of Printing Design. Any gradient pattern can be designed and 
subsequently printed using this process, adding to its versatility in fabrication design. 
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  A schemata of the 3D printing process at the molecular level is displayed in 

Figure 4.1B. For the first 15 layers, or masks, UV light is projected onto the entire 

prepolymer solution, photocrosslinking the base of the microwell structure. 

Subsequent optical masks with increasing areas of non-exposure (black, as 

indicated in Figure 4.1A) are displayed on the DMD. The concave hydrogel is 

therefore built in a continuous layer-by-layer fashion, alongside a continuously 

moving z-stage that coordinates its movements in the z direction with changes in 

the optical masks. Because we set the z-height to be 500 µm and there are 53 

layers, the stage moves 9.4 µm for each layer, maintaining the same projection 

plane within the prepolymer solution as it moves through the layer series. 

  UV photopolymerization and gelation of PEGDA is a nonlinear process, 

where free radical initiation, polymer chain propagation, and termination take 

place on multi-order kinetics [22]. Thus we sought to create a 3D printing process 

that allows for nonlinear UV exposure (see Methods). Figure 4.3 depicts the 

changes to the nonlinear fabrication parameters as well as the outputted structure, 

maintaining the same gradient circle design throughout. 

  As T0 decreases, the well shape becomes wider and less polymerized, and 

largely unpolymerized in the middle of the concave hydrogel (Figure 4.3A, panels 

i to ii). This lack of polymerization is presumably due to a lower exposure time for 

the 15 base layers, where the entire solution is exposed to UV light. We 

hypothesize that a longer exposure time to the base layers is required to generate 

free radicals for the rest of the structure. While increasing exposure to the base 

layers can be achieved by increasing T0 in a linear fashion, this method  
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Figure 4.3: Characterization of nonlinear projection printing. A) Varying the 
fabrication parameters (T0 and the nonlinear factor, A2) to achieve an optically clear 
microwell that allows for single 3D cell spheroid growth in the middle of the concave 
hydrogel (i to v). The resulting microwells and day 3 spheroid culture are shown on the 
right. B) Graphical representation of the cumulative total exposure time at different layers 
in the optical mask series. The first 15 layers have a blank pattern, exposing the entire 
prepolymer solution to UV light and acting as the base of the structure. Ttotal values at 
layer 15 are displayed in the inset. 
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overpolymerizes the remaining layers of the hydrogel structure allowing for an 

undefined shape that is not optically clear (Figure 4.3A, panel i). We thus 

modulated the nonlinear factor, A2, to vary the exposure time for each layer. When 

A2 is negative, every successive layer is exposed for a shorter duration than the 

previous layer, in turn speeding up the entire fabrication process as it proceeds 

through the entire 53 layers (Figure 4.3A, panels iii to v). By increasing T0 and 

making A2 more negative, the bulk of the UV irradiation shifts to the earlier layers, 

allowing a longer duration for free radical generation in the base layers (where the 

entire prepolymer solution is exposed to UV light). 

  We empirically determined the optimal T0 and A2 values to be 0.95 s and -

0.023, respectively, fitting our aforementioned design criteria – that is, a an 

optically clear, concave hydrogel that permits single spheroid formation in its 

center (Figure 4.3A, panel v). Figure 4.3b provides a graphical understanding of 

the cumulative exposure time in accordance to the layers for each of the five cases 

shown in Figure 4.3A. It is interesting to note the cumulative exposure time for the 

first 15 base layers increases from 6.0 s for linear exposure to 10.2 s for nonlinear 

exposure in panels ii and v of Figure 4.4A, respectively (Figure 4.4b inset). Thus, 

we believe that a longer duration of UV exposure to the base layers is required to 

initiate the free radical polymerization process throughout the prepolymer solution. 

Below this time, we observed unpolymerized sections in the microwell center. 

  We used scanning electron microscopy to assess the topography of the 

hydrogels. (Figure 4.4A). The hydrogel displays a gradually increasing slope from 

the center to the edge and steep walls, indicating a concave shape. Atomic force  
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Figure 4.4: Characterization of 3D printed structures. A) Scanning Electron 
Microscopy image of dehydrated concave hydrogels. B) AFM stiffness 
measurements at different regions of the concave hydrogel. The center of the well 
appears soft (10 Pa) and gradually increases in stiffness to the edge of the well 
(~200 Pa). The walls of the structure, which are also the tallest part and the most 
exposed to UV, have a stiffness of  ~1-2 kPa.  C) Concave versus D) flat hydrogels 
for tumor spheroid generation. Cell culture at the day 3 timepoint is displayed. All 
scale bars = 200 µm. 
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microscopy was used to characterize the stiffness profile on the concave hydrogel 

surface (Figure 4.4B). The structure displayed a soft, low modulus center (10 Pa) 

that stiffened to the edge of the well (~200 Pa). The tallest part of the structure – 

the wall of the hydrogel – represented the stiffest region (1-2 kPa). We 

hypothesized that the soft center correlates to earlier layers of UV exposure during 

the fabrication process, and as it proceeds through the layers, increasing UV 

exposure drives additional crosslinking to stiffen the hydrogel. We confirmed this 

by taking stiffness measurements of flat hydrogel structures with different UV 

exposure to the base (Figure 4.5). It appears that the flat wells with 15 base layers 

has an average stiffness of 20 Pa, while 24 base layers and 34 base layers have 

higher moduli profiles of 151 Pa and 203 Pa, respectively. Thus, it is likely that the 

gradient UV exposure in our concave hydrogels is due to the variable light 

exposure in the continuous layer-by-layer 3D printing process. 

  For preliminary cell studies, we fabricated flat or concave hydrogels and 

seeded BT474 breast cancer cells to examine the effect of concavity on spheroid 

generation (Figure 4.4C and D). When flat hydrogels were used in cell culture, 

several spheroids of varying sizes formed within each well, while the desired 

single spheroid formation was achieved in the concave hydrogel microstructures. 

Expanding on our first cell experiments, BT474 breast cancer cells were seeded at 

various densities and used to assess tumor spheroid generation and growth within 

the concave hydrogels (Figure 4.6A). At day 2, LOW (250 k mL-1) and HIGH (750 

k mL-1) cell seeding densities produced spheroids with diameters 146 ± 11 µm and 

213 ± 16 µm, respectively (Figure 4.6B). However, over the course of the next  
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Figure 4.5: Assessment of 3D printing process with flat hydrogels. A) Schematics 
showing three scenarios for different base layers and exposure times and B) the resulting 
stiffness profiles from atomic force microscopy measurements. 
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Figure 4.6: 3D printed concave hydrogels for cancer spheroid culture. A) 
Timelapse images of tumor spheroids grown at LOW (250 k mL-1) and HIGH (750 
k mL-1) cell densities. B) Tumor spheroid sizes quantified over 10 days for LOW 
and HIGH cell seeding density (n = 12 or more). Inset: percent change in spheroid 
size in relation to the previous timepoint. C) Fluorescent images at day 10 depict 
live/dead staining (green/red), and the area of the dead core quantified (white 
outline of red fluorescence in live/dead images) (n=9). D) Immunohistochemistry 
staining of HIF-1-alpha (hypoxia marker), DAPI (nuclear), and brightfield images 
of spheroid cross-sections. E) Hematoxylin & Eosin (H&E) staining of spheroid 
cross-sections. Scale bars = 200 µm. 
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several days, spheroids from the HIGH group began to plateau at a size of around 

250-275 µm, while the smaller spheroids from the LOW group continued to grow 

in size, albeit smaller than the 250 µm threshold. Growth rates for each group 

confirmed this trend (Figure 4.6B, inset). At day 10, spheroid diameters for both 

groups were within standard deviations of each other – 269 ± 17 µm and 273 ± 12 

µm for LOW and HIGH groups, respectively. 

  Interestingly, live/dead staining with calcein AM/ethidium homodimer at 

day 10 showed that the HIGH group exhibited a 10-fold increase in its dead core 

area, compared to the LOW group: 25,394 ± 5514 cm2 and 3,385 ± 1,565 cm2  for 

HIGH and LOW groups, respectively (Figure 4.6C). This observation suggests a 

necrotic core forming in the HIGH group, correlating with regression in spheroid 

growth. It has been well documented that tumor spheroids greater than ~200 µm in 

diameter demonstrate a hypoxic core due to a nutrient and gas transport gradient, 

which in turn can lead to necrosis [9, 23]. The presence of a hypoxic core in the 

tumor spheroid provides a more physiologically relevant tumor model for cancer 

screening applications, as tumor hypoxia in vivo drives a pro-angiogenic cascade 

for continued growth and invasion [24]. Hypoxia was confirmed with 

immunostaining of the spheroid cross-sections for HIF-1α, a biomarker for 

hypoxia (Figure 4.6D), and necrosis was observed in hematoxylin and eosin 

staining (Figure 4.6E). The spheroids showed considerable hypoxia and necrosis 

more prevalently in spheroids from the HIGH group. These data are in good 

agreement with previous literature regarding tumor spheroid progression (e.g. 

hypoxia and necrosis).  
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Figure 4.7: 3D printed concave hydrogels for embryoid body culture. A) Day 
3 of human iPS cells grown on either concave hydrogels (cell seeding density 100 
k mL-1) or flat hydrogels (cell seeding density ~ 200 k mL-1).  Size distribution is 
quantified for each type (n = at least 14 for each group). B) Immunofluorescent 
staining of EBs on day 3 for Nanog and Oct4, two markers for pluripotency and 
non-differentiated cells, and DAPI, a nuclear stain. C) Brightfield images over 
longer timepoints (10 d), where white arrows indicate intra-organoid cavities. D) 
Immunofluorescent staining at day 10 of the three germ layers – ectoderm (SOX-
1), endoderm (SOX-17), and mesoderm (brachyury) in concave hydrogels (initial 
cell seeding density ~ 100 k mL-1). All scale bars = 200 µm. 
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Figure 4.8: iPSC EBs formed from initial seeding density of 400 k mL-1. A) 
Timelapse images of EB formation with iPS cells over 10 d. Arrows indicate areas of 
intra-organoid cavities, visual markers of differentiation. B) Immunofluorescent staining 
of pluripotent markers Nanog and Oct4 at day 3. C) Immunofluorescent staining at day 
10 of the three germ layers – ectoderm (SOX-1), endoderm (SOX-17), and mesoderm 
(brachyury) in concave hydrogels. All scale bars = 200 µm. 
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  Human iPSCs were utilized in subsequent experiments for generating and 

culturing EBs. iPSCs, derived by retroviral transduction of a combination of four 

transcription factors, Oct4, Sox2, c-Myc and Klf4, are stem cells with an 

equivalent self-renewal and differentiation capacity as embryonic stem cells [14]. 

In addition to their pluripotency, iPSCs provide a superior platform for clinical 

translation because they are autologous by nature (patient-specific). This facilitates 

their use in personalized disease modeling, drug testing, and regenerative medicine 

development, as well as minimizing any ethical concerns.  

  iPSCs were seeded on top of the concave hydrogels at a density of 100 k 

mL-1. Single EBs formed after three days of culture, with an average diameter of 

155 ± 17 µm (Figure 4.7A). Flat microstructures, conversely, generated a broader 

distribution of EB sizes, such that an initial seeding density of 200 k mL-1 

produced EBs of 129 ± 48 µm. We reported similar observations for flat hydrogels 

with our breast cancer spheroids (Figure 4.4D). This is also consistent with 

previous literature on flat microwells that EBs only form at a critical cell density 

proportional to the microwell size, below which they form infrequently or at varied 

sizes [25]. At day 3, EBs showed pluripotency by immunostaining for Nanog and 

Oct4, transcription factors highly expressed in embryonic stem cells (Figure 4.7B). 

Similar results were seen with EBs formed from an initial cell density of 400 k  

mL-1 (Figure 4.8). Grown to day 10, EBs displayed morphological changes in their 

size, shape, and appearance in the form of intra-organoid cavities (Figure 4.7C and 

Figure 4.8). We hypothesized that this was due to spontaneous differentiation that 

can occur in these pluripotent cells, based on similar observations in the literature 
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[5]. Immunostaining confirmed EB differentiation to all three germ layers for both 

cell seeding densities, as evidenced by their co-expression of SOX-17 (endoderm), 

SOX-1 (ectoderm) and brachyury (mesoderm) (Figure 4.7D). These differentiation 

results serve to only show the possibility of visualizing differentiation of a single 

EB housed in the concave hydrogel. Further studies will be needed to address and 

quantify the different stages of embryogenesis and differentiation, as well as a 

more focused review on the necessary components in cell culture (e.g. media, 

growth factors) contributing to tissue-specific differentiation [4,26]. 
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4.4 Conclusions 
 
  The concave hydrogel platform described here can be a valuable tool in the 

development of a multitude of spheroid-based cell culture models, especially for 

longer timepoints beyond the first media exchange. These may include tumor 

progression (e.g. proliferation, hypoxia, necrosis), migration and angiogenesis as 

well as various EB, and in particular iPSC, studies such as embryogenesis, 

organogenesis, toxicity, and patient-specific disease models. Due to its high 

reproducibility, low cost (material and time), ease of fabrication, and retention of 

the spheroids for long-term culture, this technology could also be adapted for high-

throughput screening if individual hydrogel microstructures were to be printed into 

a high-throughput plate. 
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Chapter 5  
 
Novel Bio-printed Tumor-matrix Model 

Predicts Drug Efficacy and Potential 

Side-Effects 

 
Abstract 
 

A common hurdle in testing novel drugs and combination treatments for human 

disease is the lack of affordable, highly reproducible models from which to study the 

drug’s effects on concurrently both tumor and surrounding microenvironment.  Current 

anti-cancer drug evaluation relies on a set of in vitro assays that test singular populations 

of tumor cells for toxicity and in some cases migration, invasion and sphere forming 

capability, followed by costly in vivo animal model testing.  A novel 3D projection 

printing platform allows for the first time multiple cell populations to be concurrently 

assessed after drug treatment allowing a less expensive, highly reproducible system for 

testing, potentially saving considerable research funds otherwise spent on costly animal 

models.  Here, fabricated structures consisting of glioblastoma cells and 

microenvironment populations such as endothelial cells, allow evaluation of an anti-

cancer drug’s effect on tumor proliferation, invasion, ability to interact with 

microenvironment, transdifferentiation and importantly potential deleterious effects on 
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normal, non-tumorigenic cell populations, all of which are valuable predictors of in vivo 

anti-cancer drug affects. 
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5.1 Introduction 
 

Historically, two-dimensional (2D) cell tissue culture has been employed for 

studying singular cell populations and disease states, including those of cancer. Cells 

intended for tissue culture are obtained through surgical resection, dissociation and 

finally plated onto a tissue culture dish with growth media. Here cells are not only being 

forced to adapt to a new environment and growth supplement, but also to a new structure 

- being removed from a larger three-dimensional structure in vivo, to an unnatural 2D 

platform. It has been demonstrated that cells not only display distinct morphological 

changes when in 2D that differ from their morphology in 3D [1], but also show 

significantly altered gene expression patterns [2-4], suggesting analyses using this system 

as a platform for cancer drug discovery could be an inaccurate representation of true 

actions in vivo.   

 Advances in cancer research have allowed for development of 3D models of 

cancer cells, in order to mimic physiological cell-cell contacts and increase intercellular 

signaling [5]. A common assay in breast cancer includes culturing tumor cells in soft 

agar, a semi-solid matrix, allowing them to form spheroids [6, 7]. Studying tumor 

spheroids allows a testing platform for novel compounds and their effect on proliferation 

and migration. Even with these advanced tissue culture models, there exists a dependence 

on animal models to recapitulate the disease and overall effectiveness of a novel drug, or 

combination treatment when assessed with microenvironmental changes and tumor 

adaptation. Animal models allow another dimension of analysis including tumor 

interaction and invasion into normal surrounding cells and tissues, blood vessel co-
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option, angiogenesis and tumor recurrence. In addition to animal models being costly, 

they also require significant time, and staff resources. 

 In a cross-collaboration between bioengineering and cancer biology, 3D cell 

culture provides a means to more accurately model physiological tumors and surrounding 

microenvironment for preclinical studies including drug screening to assess cell 

responses not seen in single population 2D cultures [8, 9]. In particular, light-assisted 3D 

direct printing of hydrogels encapsulated cell populations has potential for a wide variety 

of applications for diagnostic and in vitro novel drug and combination treatment testing 

[10].   

Here we created a hydrogel multi-population bioprinted tumor model made from 

a 3D projection printer. This platform allows for the study of multi-population cell 

interaction, migration, invasion, angiogenesis, cell co-option, transdifferentiation and 

finally population shrinkage and growth within a single well. This system is highly 

reproducible, easily stored, fixable, stainable, transportable and can be modified to 

accommodate any two or more populations of cells of diseased and/or non-diseased state 

and any model cell type. The goal of this novel application is to provide a low cost and 

reproducible testing platform for assessing multi-population interaction, toxicity and off 

target effects of novel drug combinations potentially saving critical research dollars 

wasted on costly in vivo animal models. 
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Figure 5.1: Photocrosslinkable hydrogel Design.  A)  3D bioprinted slides 
Photocrosslinkable hydrogels are secured to a glass substrate by UV exposure. Gel 1 is 
the middle circular hydrogel comprising cell population 1, and Gel 2 is the outer ring of 
hydrogel comprising cell population 2. The thickness of the gels may be varied. A space 
between the middle print and the outer ring print may be incorporated. A third hydrogel 
may be overlaid the two printed structures to encapsulate the entire system for facilitating 
cell communications between the two populations.  Created by using a mask-based 3D 
printer. Two digital masks (circle and ring) are created in computer software and 
uploaded to the digital micro mirror device of a 3D projection printer. UV light exposed 
on mask 1 is projected on to the material, polymerizing the ring structure which 
encompasses hydrogel 1 + cell type #1. The excess un-reacted material is washed away 
and hydrogel 2 + cell type #2 are added. Upon UV exposure to the mask 2, the circular 
structure is polymerized.  B) Bioprinted Tumor (center, green), and endothelial cells 
(border ring, red) and spatial regions (no cells, matrigel). 
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5.2 Materials and Methods 
 
5.2.1  Materials 

Gelatin Methacrylate (GelMA) was synthesized by previously reported protocols, 

with a methacrylation rate of ~71% according to NMR [11]. LAP photoinitiator was 

synthesized according to previous reports [12]. 

5.2.2  3D Printing of Separate Endothelial and Tumor Cell Populations 

A previously described 3D projection printer was used to fabricate the 3D 

structures with distinct cell populations [13, 14]. GelMA (5 % w/v) was mixed with 

photoinitiator lithium phenyl-2,4,6- trimethylbenzoylphosphinate (LAP) (0.12%) and 

either 005 glioblastoma cells (8.0 million / mL) or bend3 endothelial cells (2.5 million / 

mL). 

The prepolymer solution is pipetted between a glass slide that has a thin layer of 

PDMS (50µm) on its surface, and a glass cover slip, which is spaced 125 µm apart using 

additional PDMS layers. Any size spacer (i.e. thickness of the PDMS) can be applied to 

dictate the thickness of the printed structure. Importantly, the cover slips are pretreated 

with the chemical modification of 3-(Trimethoxysilyl)-Propyl Methacrylate so the 

hydrogels chemically link to the glass substrate. 

The 3D printer setup is similar to our previous work. Mainly, a digital 

micromirror device displays a computer-generated image. The image, or “mask” is 

designed in a CAD software and translated to the DMD software. In this case, the 

endothelial bend3 cell print is in the shape of a ring (width = 3 mm, ring diameter = 

250µm), and the GBM 005 tumor print is in the shape of a circle (1 mm in diameter) 
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(Figure 5.1). Again, the size of each print, including the distance between bend3 and 

GBM prints, could potentially be adjusted by changing the design in the CAD drawing, 

however we kept these variables constant. By exposing the DMD chip to UV light 

(S2000, Omnicure), the pattern is photopolmerized in the prepolymer solution, and the 

cell-laden hydrogel is printed in the intended design. 

For both bend3 and GBM prints, we used 6 mW/cm2 power and exposed the 

samples for 45 seconds of UV light. After each successive print, the samples were 

washed thoroughly in dPBS, and excess liquid was aspirated away. Samples were placed 

in a 24-well plate after thorough washing. Upon printing each structure (bend3 and GBM 

prints together), 10 µL of matrigel was applied on top of each structure and allowed to 

gel for 30 min at room temperature. Fresh EGM-2 media (1 mL per well) was then 

applied to each sample and the samples were stored in incubation (37 ºC, 5% CO2.  

5.2.3 Cell Culture and Drug Study  

EGM-2 media was exchanged every four days for each sample leading up to day 

21. On day 21, the drug study was initiated. Media consisting of DMEM with 10 % FBS 

and 1 % Penicillin/Streptomycin was used post-day 21. Samples were exposed to four 

different conditions: control (media alone); anti-VEGF treatment (10 ng/ml), TMZ 

(Temozolomide, 50 µM), or combination treatment (anti-VEGF + TMZ). 

5.2.4 3D Printed Sample Imaging 

Samples were imaged at various timepoints using a Leica fluorescence 

microscope. Due to the GFP labeling of the tumor cells, fluorescent tracking of GBM 

cells was possible. Cells could be further stained with alternative dyes for real-time 

tracking, however this was not introduced. Images were taken every several days, noting 
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morphological changes in the cellular response, and invasion of the tumor cells in the 

matrigel matrix between the two prints. 

5.2.5 Immunological Staining and Imaging 

Samples were fixed with 4 % paraformaldehyde at room temperature for 10 

minutes. Samples were stained for endothelial marker VWF, stem cell marker nestin, and 

nuclear dapi. VWF, GFP, nestin, and dapi were imaged using a confocal microscope.  

5.2.6 Image Analysis 

Fluorescent images were collected at various timepoints from the Leica 

microscope. Confocal would ideally be needed for understanding 3D tumor progression 

in our GFP-labelled tumor print, however we used a conventional fluorescent microscope 

due to availability. Fluorescent images were analyzed in ImageJ software. Each image 

was set to 8-bit and thresholded, outlining the fluorescent area. Quantification of the 

fluorescence was performed and analyzed at each time point. 

Tumor invasion was determined by taking the fluorescent area beyond the 

original tumor print, and the percent invasion (% invasion) was determined by this area at 

each point in relation to an earlier timepoint. For instance, for tumor invasion during drug 

treatment, % invasion is determined by day X invasion area divided by day 21 (day 0 of 

the drug treatment). For tumor invasion prior to day 21, % invasion was normalized to 

the first time of imaging (day 8). 

Confocal images from immunological staining were analyzed in ImageJ by taking 

the threshold for each image, and created a merged image of either VWF/GFP or 

nestin/GFP with red/green channels. The overlap of the two channels in each group was 

colored yellow and quantified as the percent of the total GFP. 
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5.3 Results 

5.3.1  3D Bioprinted Tumor-Matrix Design to mimic in vivo tumor characteristics 
 In order to create stable multi-population 3D bioprints, photocrosslinkable 

hydrogels made of GelMA are secured to a glass substrate by UV exposure.  GelMA, a 

photopolymerizable biomaterial derived from gelatin, is denatured collagen that still 

retains adhesion moieties such as RGD, and that has been functionalized with reactive 

acrylate groups. Importantly, the cover slips are pretreated with the chemical 

modification of 3-(Trimethoxysilyl)-Propyl Methacrylate so the hydrogels chemically 

link to the glass substrate.  Based on the degree of acrylation and % GelMA, the hydrogel 

product can achieve modular material properties (stiffness, swelling, porosity), making it 

great material of choice for tissue engineering [11].  Here GelMA (5 % w/v) was mixed 

with photoinitiator lithium phenyl-2,4,6- trimethylbenzoylphosphinate (LAP) (0.12%) 

and either 005 glioblastoma cells (8.0 million / mL) for center round or bend3 endothelial 

cells (2.5 million / mL) printed on outer ring.  

Gel 1 is the middle circular hydrogel comprising cell population 1, and Gel 2 is 

the outer ring of hydrogel comprising cell population 2 (Figure 5.1A & B). A space 

between the middle print and the outer ring print is incorporated (Figure 5.1A) to allow 

for visualization of cell invasion, migration and interaction with secondary cell 

population printed in outer ring. A third hydrogel, matrigel, is overlaid the two printed 

structures to encapsulate the entire system for facilitating cell communications between 

the two populations.  This multipopulation 3D platform is created by using a mask-based 

3D printer [10, 12-14].  Mainly, a digital micromirror device displays an computer-
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generated image. The image, or “mask” is designed in a CAD software and translated to 

the DMD software. In this case, the endothelial bend3 cell print is in the shape of a ring 

(width = 3 mm, ring diameter = 250µm), and the GBM 005 tumor print is in the shape of 

a circle (1 mm in diameter) (Figure 5.1A). The size of each print, including the distance 

between bend3 and GBM prints, could potentially be adjusted by changing the design in 

the CAD drawing, however we kept these variables constant. By exposing the DMD chip 

to UV light (S2000, Omnicure), the pattern is photopolmerized in the prepolymer 

solution, and the cell-laden hydrogel is printed in the intended design. 

For both bend3 and GBM prints, we used 6 mW/cm2 power and exposed the 

samples for 45 seconds of UV light. After each successive print, the samples were 

washed thoroughly in dPBS, and excess liquid was aspirated away.  Upon printing each 

structure (bend3 and GBM prints together), 10 µL of matrigel was applied on top of each 

structure and allowed to gel for 30 min at room temperature. Fresh EGM-2 media (1 mL 

per well) was then applied to each sample and the samples were stored in incubation (37 

ºC, 5% CO2) until drug treatment studies.  

5.3.2 Pre-treatment Evolution of 3D Cancer Model 

 Figure 5.2 summarizes the evolution of the tumor-matrix co-culture system after 

3D printing illustrating a cancer angiogenesis model. The ring (5% gelatin methacrylate 

with bend3 endothelial cells) and inner circle (5% gelatin methacrylate with green-

fluorescent protein-labelled glioblastoma cells) are encapsulated with matrigel and co-

cultured in endothelial growth media (EGM-2, Lonza). Cancer cell invasion into the void 

space between the cellular prints is visible after day 8, followed by tumor cell interaction 

with the non-fluorescently labeled endothelial cells.  Once tumor cells make contact with  
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Figure 5.2: 3D bioprinted matrix evolution prior to novel drug or combination 
treatment.  A)  Following 3D bioprinting tumor cells can be visualized confined to the 
original print site at center.  B)  Tumor area, due to proliferation and invasion, appears to 
grow beyond original print site from day 8 to day 15.  This is immediately followed by 
tumor retraction from endothelial border by day 21 resulting in tube structures connecting 
the tumor to the endothelial border printed ring. C) Quantification of invasion area. 
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outer ring of endothelial cells the tumor begins retraction back towards the core tumor, 

resulting in some endothelial cells being co-opted towards the tumor core printed 

structure. During this time, average tumor area increases by 0.3 mm2 followed by a 

retraction and average tumor area decrease of 0.2 mm2 (Figure 5.2B).  In addition to 

tumor area variation, tumor invasion changes by an average 3x105 µm2 by day 15, 

followed by a retraction towards the original print area of an average 2x105 µm2 (Figure 

5.2C), resulting in an average invasion distance from original tumor print site of 1x105 

µm2 at time of drug treatment (day 21, Figure 5.2C).  In addition, at day 21, non-

fluorescent micro-tubules are visibly seen projecting from the inner tumor circular 

structure, possible evidence of angiogenesis as seen by endothelial cell co-option into a 

tube structure towards the printed tumor core.  This tumor invasion and retraction phase 

is unique to the matrigel coated bioprints, and results in the unique ability to assess 

tumor-microenvironment co-option, tumor-endothelial interaction, and tumor cell 

transdifferentiation both before and after drug treatment. 

5.3.3 3D Bioprinted Model predicts Drug Efficacy and off-target side effects 

 We have utilized the 3D-printed multi-population model to study the effects of 

anti-cancer drugs on tumor progression and synergy alterations with the 

microenvironment. Similar to what is known of temozolomide treatment in patients [15, 

16] and cell lines [17], tumor regression and death is only noted with this treatment 

(Figure 5.3 & 4). Tumor progression is noted in control samples (no drug), anti-VEGF 

treatment, and combination TMZ+ anti-VEGF treatment (Figure 5.3 & 4). Anti-VEGF is 

an FDA-approved drug used for blocking angiogenesis in glioblastoma, however has not 

seen clinically significant survival enhancement.  Recurrent tumors within patients  
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Figure 5.3: Application testing with known drug combinations. After 21 days 
bioprints were treated with corresponding drugs (anti-VEGF 10ng/ml and/or 
Temozolamide 50 µM) until day 56 to monitor cellular and cell-cell changes over time.  
Cellular changes are monitored by new growth (Orange) and compared with overlap with 
original tumor bulk (gray). Invasion area is quantified based on areas of these respective 
regionsand charted from Day 29, 41 and finally day 56. 
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Figure 5.4: Confocal Analysis of Independent Population Markers.  3D bioprinted 
slides were fixed with 4% PFA in PBSfor 15minutes followed by IF preparation, internal 
GFP marker for Glioblastoma cells and conversely endothelial specific marker vWf (red) 
or Nestin (red) and overlap in yellow.  Mouse GBM cells were either left untreated, 
treated with 10 ng/ml anti-VEGF, treated with 50 µM TMZ or treated with both anti-
VEGF and TMZ concurrently.  Images were captured from a Zeiss LSM710 Laser 
Scanner confocal microscope using 20X objective. 
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become highly aggressive and are resistant to standard therapy [18, 19].  Initial results 

from this testing platform indicate an increase in aggressiveness of Anti-VEGF treated 

GBM cells similar to that expected based on human, and mouse model data [20].  In 

addition, this model allows visualization of increased transdifferentiation, shown by 

GFP+ tube structures radiating between tumor and EC printed rings (Figure 5.3 & 5.4), in 

anti-VEGF treated samples consistent with published data suggesting recurrent tumors 

become resistant to anti-VEGF therapy by promoting a tumor to endothelial cell type 

transdifferentiation [21, 22].  This aggressive tumor behavior appears to become more 

severe when used in combination with TMZ in our 3D bioprinted model similar to patient 

response after DNA damage agents used in combination with anti-VEGF therapy [23].  

Previously, recapitulating and predicting these human clinical outcomes could only be 

uncovered through expensive animal model testing, however this platform provides a 

much more inexpensive, and ability to test on human cell combinations that previously 

would not be possible. Thus, this novel 3D bioprinted, multi-population technology 

provides a predictive model for anti-cancer drug efficacy with clinical implications, 

including possible off-target side effects. 

 
5.4 Discussion 

Several platforms exist to test a single population of cells however studying 

several populations of cells interacting with another has been difficult due to growth 

condition variability, utility and application testing difficulties of co-cultures in 2D.  The 

development of this 3D bioprinted testing platform is unique in its ability to be used as an 

efficient, application for testing, imaging and data analysis of multiple cell types and their 
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interaction with one another.  The novel component is its radial design of a spatially 

patterned three-dimensional co-culture with the inclusion of an attachment matrix layer 

between the two populations permitting observation of tumor invasion, cell co-option, 

angiogenesis, tumor and/or microenvironment migration (repulsion/attraction) and 

general cell interaction to be assessed at early points of contact between the cells.   This 

model was validated using existing drug combinations for treatment of glioblastoma, with 

results closely mimicking those observed in patient and mouse models and not seen in in 

vitro monolayer studies.  It is our goal that future studies using this 3D bioprinted tumor-

microenvironment technology will evolve to include other tumor associated cell types 

such as macrophages, pericytes and supportive smooth muscle cell populations.  This 

technology can grow into representing other cancer systems, or disease comparisons.  

And finally, the ultimate goal would be to employ this 3D model as a novel testing 

platform in drug discovery that could save money and time otherwise spent on costly, 

needless mouse models. 
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Chapter 6 

Conclusions 

Light-assisted patterning of hydrogels can vastly improve our ability to 

understand three-dimensional (3D) cellular interactions in the tissue microenvironment, 

and develop model systems that more closely reflect the in vivo human condition. In this 

dissertation, we aimed to explore several patterning techniques using a focused laser and 

light projection. 

 In chapter 2, we described digital plasmonic patterning (DPP), which utilizes a 

focused near-infrared light source to photothermally activate gold nanorods and pattern 

stiffness changes on a hydrogel substrate. Cell response such as durotaxis –the migration 

of cells from soft to stiff substrates – and alignment was observed. In chapter 3, we 

expanded the utility of gold nanorods to pattern hydrogels by applying this concept to a 

3D collagen hydrogel model. We showed selective patterning of the gel by ultrafast laser-

induced degradation (ULID) of collagen, producing channels into which endothelial cells 

migrated, aligned, and eventually formed tube-like structures similar to microvasculature. 

 In chapters 4 and 5, we turned to 3D projection printing to modulate cell behavior. 

First, in chapter 4, we demonstrated that non-linear projection printing could achieve 

hydrogels with controlled concavities. Breast cancer cells and stem cells seeded on top of 

these hydrogels aggregated due the gel’s concavity, and in independent experiments 

formed tumor spheroids and embryoid bodies that were consistent with in vivo tumor and 

embryological characteristics, respectively. In chapter 5, we utilized projection printing 
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to develop a novel 3D bioprinted model of glioblastoma. By initially printing 

glioblastoma and its vascular cells in separate locations, and overlaying a secondary gel, 

we were able to observe cell interactions between the tumor and its vasculature that have 

not been seen in vitro before. Moreover, we tested the model with FDA approved drugs, 

and saw clinically relevant responses and side effects of the drugs. 

 In closing, the author believes this work is the tip of the iceberg for light-assisted 

patterning of hydrogels for cell biology applications. The impact of generating human-

relevant tissue models in vitro can be immensely beneficial to the pharmaceutical, 

diagnostics, and medical industries at large, saving money from costly animal studies and 

providing a more predictive measure to study drug responses. 

 

 
 




