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ABSTRACT 

Three-dimensional (3D) bioprinting is a rapidly growing field that is particularly well 

suited for “bottom up” tissue engineering, largely due to its ability to control the 3D shape of the 

engineered construct, as well as its constituents (e.g., cells and/or material) and their spatial 

distribution. A variety of nozzle-based techniques have emerged for tissue engineering, and while 

these excel at building large 3D architectures, they suffer from moderate print resolution and 

limited printable materials, making them less attractive for smaller, high-resolution constructs. 

This is due in part to shearing effects and clogging of the nozzle. Thus, alternative printing methods 

are needed to create smaller constructs requiring high-spatial pattern resolution and size control.  

Our laboratory has previously developed a laser-based biofabrication platform, gelatin-

based  laser direct-write (LDW) as a technique for bioprinting highly viable cells with spatial 

resolution unmatched by other printing techniques in 2D. In this thesis, a novel single-step 

technique was developed to extend this platform to fabricate and spatially pattern 3D alginate 

microbeads. With this new method, we demonstrate excellent size-control of fabricated 

microbeads by manipulating the beam diameter used for deposition. We further show that 

deposited beads have excellent pattern registry, and cells within LDW microbeads maintain high 

cellular viability. Additionally, we demonstrate that this technique is compatible with our 

laboratory’s 2D laser direct-writing of cells, illustrating the ability to fabricate spatially-precise, 

hybrid, 2D/3D cultures  of cells and cell-loaded microbeads.  

Within cellular applications, the mechanical properties of the extracellular matrix have 

become an important feature for regulating behavior. To further develop our control over the 

cellular microenvironment, we demonstrate our ability to mechanically tune the stiffness of LDW-

printed microbeads, by varying the crosslinking divalent cation and cation concentration used in 
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the LDW microbead fabrication process. Microbead mechanical properties were determined using 

large printed arrays of microbeads (12x12 array) to amplify the resistance generated during 

traditional compression testing. Using this method, we demonstrated microbead mechanical 

properties could be tuned by adjusting fabrication and crosslinking parameters, to achieve a wide 

range of elastic moduli, from physiologic to pathologic values. While this was a valuable step to 

demonstrate our ability to control aspects of the engineered cellular microenvironment, our 

alginate structures were still largely limited for cellular interaction due to the lack of adhesion 

ligands. The inability for cells to interact with the alginate prevents migration within the matrix. 

To overcome the limitations of the inert alginate of our microbeads, we used an established 

materials processing approach to produce core-shelled microcapsules. This technique consists of 

coating the printed microbead with a positively charged polymer (e.g., chitosan or poly-L-lysine), 

to produce a polyelectrolyte membrane around the bead, then chelating the calcium crosslinking 

the interior. This resulted in a polymeric shell with an aqueous core entrapping the cellular payload. 

We found that core-shelled microcapsules from LDW microbeads maintained their pattern fidelity 

through processing, and encapsulated cells retained high viability. Cancer cells and stem cells 

encapsulated within these structures were observed to self-assemble to form size-controlled 3D 

aggregates; tumor spheroids and embryoid bodies, respectively.  

In addition to creating conventional core-shelled microcapsules, we demonstrate that 

LDW’s spatial precision can be leveraged to produce advanced core-shelled structures of 

customizable planar geometries, by utilizing single microbeads as voxels, and patterning these in 

overlapping arrays. Using this technique, we were able to create custom geometries, such as 

microstrands, bifurcations, rectangular mats, and rings, wherein aggregating cells self-assembled 

to make continuous three-dimensional aggregates that conform to the shape of the structure. 
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Overall, this doctoral thesis research developed a powerful, laser-based method for engineering 

custom 3D microenvironments, with applications in tumor modeling and regenerative medicine. 

These advances hold great promise for fabricating the next generation in vitro diagnostics. 
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1 Background and research hypothesis 

1.1 Introduction  

Currently, much of bioprinting and tissue engineering is focused on creating and building 

replacement tissues and organs. Despite vast progress within this area, the realization of this goal 

is still many years away due, in part, to the complications associated with cell sourcing, maturation 

of constructs, and matching of complex tissue biomechanics. However, there is a large region of 

applications that has been overlooked on the path realizing bioprinted replacement tissues; the 

fabrication of idealized in vitro constructs aimed to recapitulate key aspects of the in vivo 

environment.  

In vitro models are essential for pathological screening, drug discovery, and basic research. 

These models often seek to capture key features of the native microenvironment, e.g., heterotypic 

signaling, soluble factors, and tissue mechanical properties, due to their influence on the resultant 

cell and/or tissue behavior. Commonly used 2D cultured surrogates lack many key features of the 

dynamic 3D environment, and thus do not accurately simulate in vivo responses. Recapitulating 

key features of the microenvironment, in order to provide cells with native signaling, is critical for 

the next generation of in vitro diagnostic tools. Organoids, 3D models composed of cell aggregates, 

offer a promising solution to this challenge because they contain many key features of the native 

3D microenvironment. As such, organoids possess great promise for in vitro testing. A particular 

interest for in vitro models, though, is the control of signaling from neighboring cells and the 

matrix stiffness. These two features have been implicated in tumorigenesis, stem cell 

differentiation, drug resistivity, and many other phenomena. However, traditional organoid 

fabrication techniques have limited ability to control cell-to-cell interactions (paracrine and 

juxtacrine signaling) and matrix mechanical cues. 
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1.2 Specific aims 

Laser direct-write (LDW) is a noncontact forward transfer technique that utilizes a pulsed 

laser to deposit material in high-resolution patterns. In recent years, LDW has been developed and 

utilized for various 2D and 3D bioprinting applications, using cells and a variety of biomaterials 

[1]–[3]. Our lab has established a gelatin-based laser direct-write technique for printing cells in 2D 

[4]. The benefit of using this technique and material is the absence of exogenous factors that may 

affect cell behavior, as gelatin is resolved after printing [4]. Furthermore, our laboratory has 

adapted this technique to print prefabricated, single alginate microbeads, by modifying the gelatin 

LDW method, to replace trypsinized cells with cell-loaded alginate microbeads on the print ribbon 

[5]. In this way, prefabricated microbeads are printed in the same fashion as 2D cell LDW. Using 

this technique, our lab demonstrated that gelatin-based LDW could deposit single alginate beads 

at specified locations, and that these beads maintained their initial pattern registry after deposition 

[5]. This showed great promise for spatial control of 3D cellular microenvironments (microbeads), 

which could be utilized to prescribe cellular crosstalk in a culture or engineered construct. 

However, this technique suffered from several major shortcomings. The size of the printed 

microbeads was limited by the fabrication technique (i.e., electrostatic bead generator) used to 

create them. Additionally, as the size of the microbeads increased, the ability to successfully 

transfer the microbead from the print ribbon substantially decreased, making the printing of large 

beads (>250um) difficult [5]. Spatial print resolution of microbeads with this technique is 

somewhat limited, due to variations of the location of the microbead within the transferred gelatin 

droplet. Lastly, this technique yielded rather modest (~ 40%) cell viability within the alginate 

microbeads, most likely due to the multiple steps experienced by the cells throughout the process, 

including electrostatic bead fabrication, handling, and finally LDW printing. 
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Within this doctoral research, in order to prescribe cellular communication and mechanical 

cues, I propose a high-resolution LDW bioprinting platform for controlling these modes of 

signaling. LDW is a non-contact forward-transfer technique that uses a pulsed excimer laser to 

deposit biological material from a print ribbon to a receiving substrate. The print material of LDW 

can be manipulated for the printing and fabrication of cell-contained alginate microbeads. The cell-

encapsulating beads can then be processed into shelled-liquid core microcapsules, within which 

cellular aggregates can be grown from encapsulated cells. This will enable the fabrication of in 

vitro assays with independent spatial control of microcapsules or microbeads, the encapsulated 

contents, and resultant mechanical properties. Herein, I propose to develop and characterize this 

platform in two specific aims: 

 

Specific Aim 1: Develop a laser direct-write technique for fabricating and patterning 3D 

microbeads of controlled size and mechanical properties. 

 

Summary: LDW will be used to deposit alginate droplets suspending cells (e.g., tumor cells, stem 

cells) from a print ribbon to a receiving substrate using a modified form of the previously 

established gelatin printing technique [4]. The droplet, upon transfer to the receiving substrate, 

will be rapidly crosslinked in situ, thereby, encapsulating its contents in a 3D alginate matrix. 

Variables involved with printing will be characterized so that control over bead size and printing 

resolution can be established. The mechanical properties of the fabricated microbeads will be 

characterized, and manipulated within a range corresponding to normal and pathological soft 

tissue. Alginate bead mechanical properties will be manipulated by controlling the alginate 

concentration, crosslinking divalent cation type (i.e., Ba2+ and Ca2+) and concentration. The 

resultant microbeads will be mechanically characterized via unconfined compression testing to 

determine the elastic modulus and stress relaxation behavior. Finally, the effects of matrix 
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elasticity on cancer cell morphology and growth will be analyzed by fabricating beads of 

corresponding stiffness to normal and cancerous breast tissue. 

Hypothesis: LDW can be used to fabricate and pattern cell-encapsulating alginate microbeads in a 

single-step, with size control as a function of laser-beam diameter. Controlling the parameters 

involved in bead fabrication (alginate and crosslinker) will allow for control over microbead 

stiffness. Alginate microbeads with stiffness corresponding to cancer tissue will result in cancer 

cells with enhanced proliferation and a more invasive cancer phenotype. 

Significance: The development of a laser-based fabrication technique for cell-encapsulating 

alginate microbeads will have several implications. The technique will provide a novel method for 

single-step fabrication and patterning of microbeads over a large range of bead sizes. The spatial 

control afforded by this technology will enable the control of cell signaling within 3D fabricated 

microenvironments for future studies. Additionally, this work will establish methods to 

characterize microbead mechanical properties (e.g., stiffness) using commercially available 

materials testing equipment. The produced library of elastic modulus values for fabricated beads 

will be used to inform future experiments that require cell-loaded microbeads with tissue-mimetic 

stiffnesses. Most importantly, upon completion of this aim, there will be an established tool for the 

simultaneous manipulation of heterotypic signaling and matrix stiffness in 3D environments, 

allowing for the independent control of each in vitro. 

 

Specific Aim 2: Fabricate core-shelled environments from LDW microbeads  

 

Summary: Spatially-patterned LDW-fabricated microbeads will be processed to core-shelled 

microcapsules of controlled size (the capsule diameter corresponding to the previously printed 

microbead). Microcapsules will be processed from LDW-printed alginate microbeads using one 
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of two different polymer solutions, either chitosan or poly-L-lysine. Printed microbeads will be 

overlayed as single voxels to fabricate continuous core-shelled structures in planar 3D geometries. 

Lastly, cancer cells and stem cells will be encapsulated within microcapsules for the growth of 

multicellular tumor spheroids (MCTSs) and embryoid bodies (EBs). The growth rate of the cells, 

as well as their morphology within, will be analyzed for microcapsules created by the two different 

polymers. 

Hypothesis: Printed microbeads can be processed into core-shelled microcapsules using chitosan 

or PLL, without disturbing the printed pattern fidelity. Cancer cells and stem cells within 

microcapsules will have high viability and will self-assemble to form 3D aggregates; MCTSs and 

EBs, respectively. The spatial control afforded by LDW will allow single alginate microbeads to 

be used as voxels, which, when combined with the core-shelled procedure, will enable continuous, 

3D core-shelled microenvironments to be created, and uniquely allow the production of advanced 

core-shelled structures. These volumes will constrain the cell growth and allow for size controlled 

MCTS and EB. 

Significance: Single-capsule patterning resolution has not been accomplished by any previous 

technique, and the achievement of this, as well as customizable core-shelled geometries, will have 

applications for many future in vitro studies. Additionally, the characterization of these 

environments will allow researchers to select the desired stiffness for in vitro culture systems, thus 

providing the correct mechanical signals in their experiment. The independent spatial and 

mechanical control over microcapsules used to produce MCTSs and EBs will allow for 

unprecedented control over the in vitro tumor microenvironment, enabling prescription of 

heterotypic signaling in a robust cancer or stem cell model which can be applied for basic science 

studies and drug screening. 
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Thesis objective: 

The overall objective of this thesis project was to develop a system that will enable the 

fabrication and patterning of 3D microenvironments for control over cellular communication and 

matrix mechanical properties. The control of cellular communication will be achieved using LDW, 

which is capable of dispensing small volumes of polymeric solutions suspending cells to a 

receiving substrate with high-resolution; with this, we will demonstrate the ability to manipulate 

the spacing between cellular colonies within 3D alginate microbeads or core-shelled structures. 

Control of the mechanical cues within the matrix will be achieved by tuning the alginate hydrogel 

that is used for microbead fabrication (i.e., manipulating the crosslinker and alginate 

concentration). Last, we will demonstrate that microbeads fabricated with this technique can be 

processed to produce core-shelled structures that will grow organoids. This platform will add 

unique capabilities to what could previously be controlled within the cellular microenvironment 

(i.e., 3D matrix, stiffness tunability, spatial control over the cell colonies or aggregates, patterning 

multiple cell lines within an array). The independent control of these features is unmatched by 

current fabrication technologies. 
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2 Review of literature1  

2.1 Spatial influences of the cellular microenvironment 

For tissue engineering and regenerative medicine, engineered cell microenvironments, or niches, 

provide a platform for directing cell fate and function. In other words, cellular behavior is 

influenced by the signaling of various stimuli provided by its local environment. Signals can be 

soluble, mechanical, and/or cellular, and the origin and transduction of each type of signal is 

potentially very broad and complex (Figure 2.1). The effect and/or potency of these signaling 

mechanisms can be influenced by distance, time, frequency, and concentration, among other 

variables. This concept has been reviewed extensively [6]–[8], and can be applied to a variety of 

tissue engineering applications, such as creating cellular scaffolds/functional constructs, directing 

stem cell differentiation, and inducing desired cellular alignment, migration, proliferation, or 

protein production. There are numerous engineering approaches to create custom 

microenvironments with desired characteristics, such as introducing growth factors into cellular 

media, engineering substrates of desired material properties, creating 3D hydrogels, and delivering 

mechanical stimuli such as flow, tension, or compression. All of these approaches take advantage 

of signaling mechanisms inherent in cells, such as cellular receptors for soluble signals and 

transduction through the cytoskeleton for mechanical signals. 

However, in vivo cellular communication is very sophisticated, and cells respond to more 

biochemical and mechanical signals than can typically be controlled in vitro.  The mechanisms of 

cell-cell signaling are spatially dependent, where cells a short distance from each other can 

                                                 

Portions of this chapter previously appear in: A. D. Dias, D. M. Kingsley, D. T. Corr, 

“Engineering 2D and 3D cellular microenvironments using laser direct-write,” 3D Bioprinting 

and Nanotechnology in Tissue Engineering and Regenerative Medicine, Waltham, MA, USA: 

Elsevier, 2015, pp. 105-127. 1 
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communicate by paracrine signaling, and cells immediately adjacent can communicate by direct 

cell-cell contact or juxtacrine signaling. One of the challenges facing emerging applications is how 

to harness this complex signaling to better direct cell fate and function in vitro. The cellular 

microenvironment is further complicated by cellular population dynamics, such as the composition 

and distance of a neighboring population of cells, size of populations/colonies, and of course, the 

types of cells within the environment. The fact that neighboring cells influence cell behaviors, and 

that intercellular spacing is a determining factor for the mode of communication, suggest that 

spatial sensitivity and control is highly desirable in many emerging tissue engineering and 

regenerative medicine applications. 

 
 

 

Figure 2.1 Cellular signaling schematic. Cells can receive a wide variety of input signals from the 

microenvironment, which they process to produce any number of outputs. The combination of signals can 

potentially be very complex. 

 In addition to cell placement, control over adsorbed/encapsulated proteins may have a 

profound effect on cellular behavior. Cell-cell and cell-extracellular matrix (ECM) interactions are 

spatially sensitive, and examples of how they influence cell signaling are shown in Figure 2.1. 
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Whether the cellular microenvironments are planar or are three-dimensional is also very important, 

since depending on the application, switching from 2D to 3D (or vice versa) can greatly impact 

cell signaling, function, and fate. In order to harness the cells’ natural ability to process complex 

environmental signals, 2D/3D approaches for engineering cellular microenvironments must not 

only provide a degree of spatial control in fabrication, but must also control the 

density/concentration of cells, proteins, or other factors at these locations. Various 

printing/patterning techniques may be appropriate depending on the desired application, and we 

will briefly examine a few, weighing their potential advantages and disadvantages. We will pay 

particular attention to laser direct-write LDW.  

 

2.2 Overview of printing techniques for engineering cellular 

microenvironments  

A number of patterning, deposition, and printing techniques have been employed to achieve spatial 

control in engineered microenvironments. Various biologics, including proteins, nucleic acids, and 

even viable cells have been successfully deposited with spatial precision. Some of the early work 

for cell patterning involved controlled spatial adsorption of an adhesive protein, with subsequent 

seeding of cells that preferentially grow on the patterned protein. While this sort of patterning was 

first demonstrated using lithography-based techniques such as micro-contact printing [9], [10], 

other deposition methods like inkjet printing (reviewed in [11]) and laser direct-write (LDW) [12]–

[14] have also shown successful protein or nucleic acid deposition. Moreover, inkjet printing [15]–

[17] and LDW [1], [4], [18]–[20] have been used to deposit viable mammalian cells directly to a 

homogeneous substrate, without requiring the prior patterning of a protein. There are other 

patterning techniques available, such as dip-pen nanolithography [21] or AFM-based patterning 

[22], that focus on patterning at sub-micron scales. Cells certainly sense nanoscale features in their 
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environments, but in order to study and produce cellular microenvironments where cell- and 

population-level interactions are controlled, patterning at the micro and meso scale may be most 

relevant for directing cellular signaling. However, patterning at this scale can be quite challenging; 

it is too large to be accomplished directly by chemistry, and too small to use many traditional 

fabrication methods. 

Some methods that have proven suitable for patterning at this scale include microcontact 

printing, inkjet printing, and LDW. Each of these has its own specific advantages and 

disadvantages, and they are quite complementary. Microcontact printing employs a stamp with 

relief features attained via photolithography. The resolution of the pattern is limited only by the 

wavelength of light, making sub-micron resolution attainable with this technique. By contrast, 

LDW is a non-contact technique that propels material to a substrate by energy absorption and 

partial volatilization of a sacrificial layer. The spatial location of the transferred material is 

determined by the programmed position of a computer-aided design/computer-aided 

manufacturing (CAD/CAM) stage. The resolution of this technique can be under 10 µm [23], 

because of the dynamics of the material transfer event and controlled stage movement. Inkjet 

printing, by comparison, has a printing resolution on the order of 50 µm [11], which is appreciably 

lower, but still very good. Material deposition is achieved by one of several methods of propulsion 

through a nozzle [17], [24]–[26], and both the size of the nozzle and method of material ejection 

can influence printing resolution. 

 Because of their different mechanisms and printing resolutions, each of these methods is 

particularly well suited for a specific subset of applications, summarized in Table 2.1. 

Micropatterning excels at creating patterns of proteins on 2D flat, or even curved [27] surfaces. 

Cells can be seeded on adhesive proteins, allowing their behavior in response to the protein, as 
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well as the protein patterns to be studied. However, once the pattern of proteins is set, it is 

immobilized, and cells generally do not proliferate beyond the adhesion islands. Moreover, 

controlled co-culture is difficult, because different cell types, if seeded simultaneously, will both 

adhere to the protein islands. Co-culture patterning (reviewed in [28]) requires either sequential 

seeding on micropatterns, masking the substrate, switching regions of the substrate to be favorable 

to cell binding  [29], [30], or combining multiple substrates [31].  

On the other hand, inkjet printing and LDW do not require placement of adhesive proteins 

to control cellular placement. Therefore cells can be directly deposited to a homogeneous substrate, 

allowing evolution of a printed structure from a prescribed initial condition. Furthermore, both 

inkjet printing and LDW have also been extended to print in 3D, allowing three-dimensional 

spatial control over the microenvironment. In inkjet printing, the biologic payload (e.g., cells, 

proteins, or other biomolecules) is printed through the controlled deposition of solution containing 

the desired payload, much like the multiple colors of ink in color printing.  In this way, the amount 

of payload-containing solution, and its placement, can be precisely controlled to rapidly generate 

patterns with multiple cell types or materials.  However, the location of the cells, or other bio-

payload, within the areas of dispensed solution is not controlled. For discrete components like 

cells, the payload is randomly distributed within a liquid volume, although parameters such as 

concentration are controllable.  Therefore, inkjet printing is particularly well suited for rapidly 

fabricating larger patterns, including constructs of intricate geometries and multiple cell types, in 

which the geometric precision is important, but spatial control of the cells or groups of cells is not.   

In a traditional LDW set up, a camera is coincidently focused with the laser, allowing direct 

visualization of the biologic payload on the print ribbon.  As a result, the specific cell or group of 

cells (or other bio-payload) to be printed can be visualized, targeted, and transferred to the substrate 
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with high spatial precision. In contrast to inkjet printing, where a controlled volume of liquid is 

deposited, LDW allows targeting of specific cells, so the dispersal of cells within the volume 

transferred is not random. LDW is also capable of printing more viscous materials, including many 

that cannot be dispensed by an inkjet nozzle.  This unique ability to combine the high-resolution 

placement of selected biological payloads with various substrate materials, makes LDW 

particularly attractive to engineer in vitro cellular microenvironments.  

Table 2.1: Patterning techniques and applications. 

Technique Resolution Application 

Micropatterning <1 µm Patterns of adhesive proteins in 2D and 

cell culture on patterned adhesion 

islands. Study of cell behavior in 

controlled population or cell size and/or 

geometry. New mask must be fabricated 

for each new pattern. 

Inkjet printing ~50 µm High-throughput or large constructs in 

2D or 3D on any suitable substrate. 

Direct patterning of cells or less viscous 

materials. 

LDW ~10 µm Patterning of cells or material in 2D or 

3D on any suitable flat substrate. Direct 

patterning of cells with high spatial 

resolution. More viscous materials can 

be patterned, but with lower throughput 

than inkjet printing. 

 

2.3 Overview of laser-based bioprinting  

Laser direct-write (LDW) is a non-contacting material deposition technique. While some 

differences in configuration exist, a typical LDW setup consists of two coplanar plates: a laser-

transparent print ribbon, which holds the material/cells to be deposited, and a receiving substrate 

onto which material is printed (Figure 2.2). Both the receiving substrate and print ribbon can be 

independently moved with computer-aided design and computer-aided manufacturing (CAD-

CAM)-controlled stages. A charged coupled device (CCD) camera also allows real-time 
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visualization of the ribbon and receiving substrate. The underlying side of the mounted ribbon is 

coated with two thin layers, the first is a sacrificial layer, and the second a transfer layer. The 

sacrificial layer directly interacts with the laser, while the transfer layer consists of the actual 

printed material. A pulse from the laser passes through the transparent ribbon and volatilizes the 

sacrificial layer.  

 
 

Figure 2.2: Schematic of typical LDW setup for material or cell deposition. A laser beam passes through a 

laser-transparent print ribbon to interact with material, partially volatalizing a sacrificial layer and forming 

a vapor pocket to eject the transfer to a receiving substrate. Independent CAD/CAM control of the ribbon 

and receiving stages allows programmatic deposition of material. 

The consensus mechanism for deposition is that laser energy is absorbed by the sacrificial 

layer, forming a vapor pocket at the ribbon-material interface [20]. Expansion of the vapor pocket 

allows the printed material – the donor material – to form a droplet that is ejected from the surface 

of the print ribbon, on a trajectory perpendicular to the plane of the ribbon. It is also generally 

accepted that for a high-power laser and an appropriate sacrificial layer, deposition of the transfer 
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layer occurs at a much faster time scale than heat transfer from the sacrificial layer [20]. 

Furthermore, heat shock protein expression does not appear to be elevated with LDW [32], 

meaning that thermal damage to the transferred material is negligible. Moreover, the laser-material 

interaction occurs at the surface of the material [20], [33], so the bulk of the material that is 

transferred using LDW never directly interacts with the laser. After deposition, the receiving 

substrate is moved to the next programmed position, and a new spot is used for volatilization on 

the ribbon; serial deposition creates a desired structure or pattern according to the programmed 

stage positions. Typically, a receiving substrate is a Petri dish, cover slip, or glass slide, and is 

often coated with a thin layer of material that serves as the matrix material.  

2.4 Materials for LDW 

2.4.1 Material properties influencing cellular microenvironments 

In this section, we will focus on how the materials used in LDW can affect cell response 

and thus be used to engineer desired microenvironments. Functional and mechanical properties of 

the material will determine not only how the cells interact with the substrate, but also how they 

interact with other nearby cells.  

Mechanical properties of a substrate play a critical role in the gene expression and 

determination of the functional role a cell performs. As cells adhere to a substrate, they form focal 

complexes that become points of force transfer between the substrate and the cell. On a softer 

substrate, in response to a stress initiated either externally or by the cell itself, the substrate-cell 

attachment region deforms more than the cell. On stiffer surfaces, less deformation of the substrate 

interacting with the focal contact point takes place, and there is a greater stress on the cytoskeleton 

elements causing cell changes. Significant differences in substrate stiffness manifest in different 

cell morphologies, cytoskeletal reorganization, gene expression, and fate decisions. The 
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pioneering work of Dennis Discher’s group [34] showed that mesenchymal stem cells (MSCs), 

when cultured on substrates of different elastic moduli, exhibited different morphologies and gene 

profiles; substrate stiffness could be used to direct their differentiation. [34]. Thus, the substrate 

stiffness is an important factor to consider when engineering the cellular microenvironment. 

Functional groups present and their relative concentration in the extracellular matrix 

(ECM) also play a pivotal role in the overall behavior of the cell. The presentation and binding of 

ligands is necessary to induce adhesion, motility, survival, differentiation, and other specific cell 

functions. For example, human embryonic stem cell (hESC) culture differentiation typically 

requires the use of a Matrigel substrate, a hydrogel derived from mouse tumor basement 

membrane. However, synthetic substrates can be functionalized with the integrin ligands found 

within Matrigel to support hESC attachment and growth [35]. In addition to the presence of the 

specific functional groups, their relative concentrations also play a key role in cell behavior. 

Substrates modified with different surface concentrations of the arginine-glycine-aspartic acid 

(RGD) motif exhibit differing degrees of cellular attachment, affecting the cytoskeletal structure, 

its organization, and the cellular morphology [36]. Another feature of engineered motifs is that 

binding affinity is different from that of the same motif within a natural protein like collagen or 

fibronectin. As a result, engineered substrates may have different binding kinetics than natural 

substrates. However, the surface coated RGD can be engineered to contain additional peptide 

sequences that enhance its specificity or binding kinetics to a specific ligand  [37]. Overall, 

mechanical properties of the material, such as elastic modulus, and biochemical properties of the 

material, such as functionalization, can have a profound influence on cells within the 

microenvironment. 
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2.4.2 Matrigel-based LDW 

Initial studies of cell printing by LDW utilized Matrigel as a coating on the receiving 

substrate, as well as on the ribbon as a sacrificial layer/transfer material. Matrigel is a soluble tumor 

extract comprised of an assortment of proteins, and it undergoes thermal gelation at 37 °C, creating 

a three-dimensional gel [38]. There are several features that make Matrigel an attractive scaffold 

for in vitro studies. Matrigel contains large quantities of all the essential structural proteins along 

with many of the other proteins, proteases, and growth factors found in the basement membrane 

[39]. Matrigel has been used widely for in vitro cell culture to differentiate a variety of cells and 

is currently used almost exclusively as the scaffolding material for maintaining undifferentiated 

human embryonic stem cell culture [40]. 

However, despite these many benefits, Matrigel has a number of shortcomings that may 

preclude or limit its use in certain applications, causing some researchers to seek alternative 

substrate materials. First, Matrigel has an inherent batch-to-batch variability because it is grown 

and extracted from a mouse tumor. This variability may be a source of inconsistencies among 

researchers, and can make it difficult to reproduce previous findings. Further, not all Matrigel 

components are defined, and some concentrations are unknown. Without knowing Matrigel’s exact 

content and concentration of proteases, growth factors, and other proteins, the amount of 

information that may be inferred from an experiment is largely limited. In an experiment using 

Matrigel, it is impossible to know what factor, or factor combination, is responsible for the 

observed cellular behavior, since any potential influence by Matrigel’s numerous unspecified 

constituents cannot be ruled out. Although Matrigel provides a cost-effective basement membrane 

substitute, because it is derived from a mouse sarcoma cells, it could elicit an extreme immune 
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response if implanted into the body. Moreover extrapolating cell behavior observed on a mouse 

tumor extract to a human condition could be inaccurate. 

2.4.3 Gelatin-based LDW 

 Among the hydrogel materials explored for use with LDW, gelatin has proven quite 

promising. Gelatin is a natural polymer that is a reduced and degraded form of collagen. At room 

temperature, gelatin is a stiff gel, but at incubation temperatures (37 °C), the polymer network 

becomes soluble. In LDW applications, gelatin is currently used both as a sacrificial and transfer 

material, as well as a receiving substrate [4]. As previously described, a laser pulse vaporizes the 

sacrificial gelatin, ejecting a droplet of cells. What is truly powerful about this approach is the 

thermally reversible properties of gelatin. On the print ribbon, exploiting gelatin’s thermal 

properties allows for partial encapsulation of the bio-payload, giving the opportunity for a wide 

variety of cells and other payload to be transferred. Further, this technique does not require cells 

to attach to the matrix on the ribbon (as with Matrigel), and thus allows cells to be printed in their 

trypsinized state. This is less traumatic to the cells because it does not disrupt the focal adhesions, 

thereby allowing even non-adherent cells to be printed. In addition to gelatin, it is possible to use 

other materials with temperature-dependent gelation or viscosity, such as glycerol [41], to 

encapsulate biopayload for transfer. Gelatin’s thermal properties also offer unique benefits when 

used on the receiving substrate. Following transfer after a brief incubation period, the gelatin on 

the receiving substrate is liquefied, leaving only the LDW-patterned cells.  This further takes 

advantage of gelatin’s thermal reversibility to minimize the influence of potentially unwanted 

matrix factors in simple cell studies.  
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2.4.4 Dynamic release layers 

 
Figure 2.3: Materials utilized in LDW. The laser first interacts with a thin sacrificial layer, which can be 

either a dynamic release layer (DRL) such as triazene, metals or metal oxides, or a hydrogel. The biologic 

payload is typically suspended in a transfer layer (e.g., glycerol for printing nucleic acids or proteins;hydrogel 

or media for printing live cells).  When printing live cells, the cells can either be attached to the material to be 

transferred (e.g., when using Matrigel), or suspended in hydrogel or media in their trypisinized state.  The 

receiving substrate typically utilizes a thin hydrogel coating as well, to provide viscous dissipation of energy. 

 A dynamic release layer on the ribbon is often used to control the material interacting 

directly with the laser, decoupling the laser from the printed material. Dynamic release layers are 

thin, sacrificial layers of material that interact with the laser at its excitation wavelength, and can 

amplify energy from the laser (Figure 2.3). Some example materials for this layer are triazene or 

a metal/metal oxide [42], [43]. With LDW, the size of the transferred material droplet is directly 

related to laser fluence. However, inconsistencies of the transfer material on the ribbon, such as 

uneven coating, could produce unwanted spot-to-spot variation in the pattern. The use of a 

dynamic release layer has been shown to help minimize the energy threshold required for transfer, 

and decrease the thermal impact on the transfer material [44]. The other benefit of using such a 

dynamic release layer is that it provides a consistent material at the ribbon interface, thereby 
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granting a more predictable laser-material interaction when utilizing a variety of transfer materials. 

Without a dynamic release layer, each transferred material will exhibit different transfer dynamics 

due to specific laser-material interactions. The use of a dynamic release layer will result in a 

consistent vapor pocket, independent of the transfer material.  However, utilizing a dynamic 

release layer may impair or preclude ribbon and substrate visualization.  

2.4.5 Additional hydrogels and hydrogel processing used in LDW 

 An extensive amount of hydrogels and hydrogel blends have been used for LDW 

applications. The use of a dynamic release layer has made it simple to change between different 

hydrogel materials on the ribbon as a transfer material for cells or other biological contents. To 

date, the most commonly used hydrogels as a transfer material are gelatin, Matrigel, and alginate 

[20], [45], [46]. The same hydrogels are also commonly used to coat the receiving substrate during 

printing, to cushion the impact of printed cells, and to immobilize the printed spots to increase 

pattern fidelity. The feature that these hydrogels have in common is that they have rapid and 

controllable gelation properties that benefit immobilizing the printed material. There has also been 

use of fibrinogen/hyaluronic acid and collagen both as transfer material and for coating the 

receiving substrate [46], [47]. Current research in LDW has not yet focused on customizing 

receiving substrate properties, which can be achieved using a combination of natural and synthetic 

hydrogels.  

Hydrogels as substrate coating materials allow for the manipulation of both the mechanical 

and biochemical properties of the environment. The biochemical properties of the surface can be 

engineered either by using protein-based gels or grafting functional moieties into the polymer that 

makes up the gel. Additionally, the mechanical properties of the hydrogel are tunable by 

manipulating the amount of crosslinking and the relative polymer concentration. LDW 
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applications have not yet explored this parameter space. However, non-patterning applications 

have begun customizing both of these properties in hydrogels for a wide range of applications. 

One example of manipulation of hydrogel biochemical and mechanical properties is within 

alginate gels, where the elastic modulus and RGD grafting density were simultaneously 

manipulated to optimize the environment for stem cell differentiation [48]. Printed material can 

also be manipulated, through in situ crosslinking on the receiving substrate.  Example of this 

include the printing of cells suspended in fibrinogen to substrates of thrombin, which after a period 

of incubation, forms fibrin [47], and the printing of alginate into a substrate of calcium, to fabricate 

and localize microbeads [49]. 

2.4.6 Customizable topography of nonhydrogel receiving substrates 

Another means to control the receiving substrate surface properties is through the use of 

engineered non-hydrogel materials or scaffolds. One such example of this is electrospun 

nanofibrous structures. As a surface coating material, electrospun fibers can be fabricated with a 

variety of natural and synthetic polymers, where fabrication parameters allow for the tuning of 

stiffness, topography, degradation, and fiber size [50]. Fibers can also be chemically treated after 

fabrication with desired functional units, similar to protein grafting in hydrogels. Additionally, 

electrospun fibers can be fabricated in such a way that they are aligned, giving cells directional 

cues. Utilizing electrospun fiber substrates with cell printing is another way to achieve idealized 

microenvironments, with the addition of directing cell growth through properties of the fibers and 

their structural alignment. A 7-day time course of fibroblasts printed on electrospun fibers (Figure 

2.4), indicates that cells maintain registry to the printed pattern. Aligned fibers appear to direct the 

cell elongation and migration after LDW. Printing onto substrates with topographical features 

enables the fabrication of unique constructs or cell studies that are difficult to perform using other 
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techniques. 

 

Figure 2.4: RFP normal human lung fibroblasts printed by LDW onto PLLA electrospun nanofiber 

substrates. Nanofibers are aligned on the substrate, oriented left-to-right in images. Fibroblasts (a-b) 

immediately after printing appear rounded in their trypsinized state, but (c-d) after one day begin to align in 

the direction of the electrospun fibers. Scale bars are 200 m. 

2.5 2D vs 3D cell culture and techniques 

2.5.1 LDW applications in 2D 

LDW was first used in 2D for electronics applications[51]. Once it was demonstrated that 

LDW could be adapted for use in soft materials transfer and deposition of biologics, 2D printing 

of nucleic acids [14], [52], proteins [53], and even live cells [54] was demonstrated. These 

bioprinting approaches hold many promising applications, ranging from biosensors fabrication, to 

the creation of small grafts or biological constructs, and building spatially-precise cultures for in 

vitro diagnostics and cellular signaling studies. Various methods for laser-based deposition have 

been utilized, each quite similar, but with some distinct (although often subtle) differences. In this 
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chapter, we will group all of these methods under “LDW”, although there are different preferences 

in the field about the most appropriate term to use. LDW-based methods operate on the same 

general principle, illustrated in Figure 2.2. The major difference among the various LDW methods 

is their choice of energy-absorbing layers that can be used to amplify laser energy.  

 The purpose of using a sacrificial material is so that biologics or cells are not themselves 

sacrificed during a deposition event. Laser-induced forward transfer (LIFT) typically uses a metal 

or foil as a sacrificial layer, while matrix-assisted pulsed laser evaporation direct-write (MAPLE-

DW) typically uses a biologic matrix, such as Matrigel or gelatin. Both methods have shown 

success depositing multiple mammalian cell types in controlled patterns (Table 2.2). Moreover, 

custom configurations of cells, such as grids, lines, and sheets have been demonstrated, with 

unrestricted cell growth from the initial printed pattern (Figure 2.5).  

Because the substrate is generally homogeneous, following LDW, cells are free to migrate, cluster, 

or form structures uninhibited by geometric or biochemical restrictions on the substrate. This 

property of LDW allows cellular migration and migration-based behavior to be studied. By  

observing structural evolution, LDW enables different types of studies than what can be explored 

using micropatterned proteins, because patterning proteins restricts cell migration to adhesion 

islands. Unrestricted cell growth following LDW has been demonstrated with a Matrigel coating 

on the substrate in earlier work [13], [42], and more recently with a gelatin substrate coating [4].  

An advantage of the gelatin substrate, however, is that the gelatin coating is temporary  
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Table 2.2: Examples of cell types and materials successfully deposited by LDW, illustrating the applicability 

and broad range of research. 

 

(as mentioned in section 2.2.3), and does not provide cells with a permanent scaffold or a large 

assortment of unknown complex signaling factors.  Thus, after the gelatin has liquefied during 

incubation, and is removed with the first media exchange, the cells remain attached to the 
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underlying substrate. This allows various substrates and materials to be utilized, provided the thin 

temporary gelatin layer is applied to enable viable transfers. Despite the temporary nature of the 

gelatin layer, cells printed to the substrate maintain excellent pattern registry, moving on average, 

less than 6 µm from their initial location within half an hour of printing [4]. One restriction of this 

technique is the limitation to a flat surface parallel to the ribbon, but otherwise potentially any cell-

adhesive material can be used with LDW, such as hydrogels or scaffold materials with engineered 

topography.  

 Although LDW can potentially be used to study the effects of cell location and cell-cell 

interaction, exploration of cellular phenomena after LDW patterning has been examined in only a 

few instances. One study of embryonic stem cell (ESC) behavior examined the clustering of ESCs 

after LDW. ESCs are pluripotent, meaning they can differentiate into any of the three primitive 

germ layers. It was shown that following LDW, mouse ESCs (mESCs) maintained their 

pluripotency, as evidenced by their ability to express markers of all three primitive germ layers 

[55]. An additional indication of pluripotency is the formation of 3D cell clusters called embryoid 

bodies (EBs), which contain cells of all three germ layers. The cell-cell interactions within the EB 

are greatly important. The size of the EB, which may impart complex signals to cells within the 

structure, can influence differentiation, as can the size of a stem cell colony [56]–[58]. However, 

this micropatterning approach only allows the combined effect of the patterned protein and cellular 

signaling to be studied when colony size is examined, rather than completely isolating the effect 

of colony size.  
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Figure 2.5: Examples of cells printed by LDW, and evolution of structure over time. Array of human dermal 

broblasts (a) immediately after printing and (b) 24 h after printing, showing the evolution of cellular network 

structure from the initial printing positions. Contrast is adjusted to show detail. Lines of mouse embryonic 

stem cells (c) immediately after printing and (d) 48 h after printing, demonstrating the formation of 

embryoid bodies (EBs) on an unrestricted uniform substrate due to collective cellular behavior, rather than 

constrained growth. Bubbles in the background are artifacts of securing the substrate. Scale bars are 500 

mm.  

Controlling EB size can potentially be very useful to direct differentiation, and LDW has 

been used to control EB size, via the density of printed cells, independent of the stem cell colony 

diameter [59]. While colony size did not influence the size of the EBs that formed, the effect of 

colony size on stem cell differentiation based on cellular patterning on a homogeneous substrate 

still needs to be determined. However, prescribing these factors in engineered microenvironments 

could allow more efficient directed differentiation of stem cells. Additionally, differentiation can 

also be influenced by printing protein gradients, as reviewed [60]. The versatility afforded by LDW 

for printing cells, biomaterials, and proteins, enables complex studies to differentiate stem cells, 

influence migration, and answer many other questions using engineered microenvironments. 
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2.5.2 Microenvironments in 3D 

 Planar, 2D cell culture has long been a paradigm for studying mammalian biological 

phenomena in vitro, ranging from stem cell differentiation and tissue development to drug testing. 

However, fundamental differences exist in the way cells behave between 2D and 3D 

microenvironments. Cells with 3D microenvironment interactions show differences in their 

cytoskeletal structure, morphology, membrane protein distribution and interaction with soluble 

factors [61]. Additionally, a 3D ECM in cell culture is a limiting factor for cell migration, while 

cells on 2D substrates can migrate and proliferate without the same restrictions.  

 In a 2D environment, cells are only able to interact and attach to the ECM on the substrate. 

This produces a difference in the receptor density and orientation along the surface of the cell 

compared with receptor orientation in 3D [62]. Further, the composition and strength of the 

complexes forming the adhesions differs between 2D and 3D microenvironments. As an example, 

on a 2D substrate, fibroblasts form adhesions along only the ventral surface [63]. The localization 

of cell traction forces results in a morphological polarity that does not exist in 3D. In a 3D 

environment, adhesion is formed via focal complexes (as opposed to 2D focal adhesions), all along 

the cell membrane, and has a different composition. The difference in cell distribution and type of 

adhesion site in 3D affects the organization and generation of tension in the cytoskeleton [64]. The 

compounding discrepancy between 2D and 3D cell-matrix interactions can yield very different 

behaviors and response to stimuli, when explored experimentally. 

 In a 3D ECM, cell migration occurs either by moving through the material’s pores, or by 

breaking down the surrounding ECM with proteases. Highly porous materials, such as sponges 

and foams, typically have pore sizes greater than the cell diameter, allowing for nonproteolytic 

migration. In hydrogels, the pores are on the nano-scale (much smaller than the actual cell). For 
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infiltration to occur, the cell must produce proteases to break up the restrictive matrix, assuming 

the matrix is made from a peptide-based gel. The ease of infiltration will determine the migratory 

rate of the cells within the material. Additionally, the pore size will be a factor in determining the 

rate that nutrients can diffuse into and waste products can flow out of the bulk material. If the bulk 

material is too thick and/or pore size too small, toxins can build up in the environment, or cells can 

die due to ischemic effects. 

 Fundamental biological questions have been, and will continue to be solved using 2D 

culture models. However, 3D alternatives are necessary to overcome 2D matrix interactions that 

fundamentally change cell behavior (e.g. cytoskeletal structure, morphology, membrane protein 

distribution and interaction with soluble factors [61] and focal adhesions). Additionally, the 

creation of large tissue-engineered constructs, for fundamental research or in vivo transplantation, 

will require a means of 3D fabrication with precise spatial arrangement of the contents. To 

overcome the limitations set by 2D environments, LDW has been adapted to build more 

physiologically relevant 3D culture models, in vitro diagnostic tools, and tissue engineered 

constructs.  

2.5.3 Layer-by-layer approaches 

 Layer-by-layer (LbL) bioprinting is a 3D biofabrication approach adapted from industrial 

rapid prototyping technologies. Traditionally, LbL printing utilizes a 2D method, sequentially, to 

produce an overall 3D construct. After one layer is fabricated, it is often stabilized before the next 

layer is printed to provide a flat new printing surface. For LbL LDW, liquid hydrogel, or hydrogel 

precursor suspending a desired biologic is used as a transfer material, similar to the 2D printing 

method. The hydrogel is deposited at preprogrammed coordinates, according to the specific layer 

design. Once the printed layer is completed, it is gelled by either crosslinking the polymer solution, 
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or inducing polymerization. Gelation can be triggered by a number of different crosslinking or 

polymerization mechanisms (e.g., thermal, ionic, pH, or enzymatic), depending on the hydrogel or 

hydrogel blend. The rate of gelation for each of these mechanisms differs, and generally a fast 

gelation time is desired to maintain pattern fidelity. Once the layer is gelled, the printing surface 

is stabilized, and the process can be repeated to add additional layers until the overall construct is 

completed.  

Another method of performing LbL fabrication with LDW utilizes a hydrogel pre-coated 

on the substrate, rather than in the transferred material. Thin film coating mechanisms can 

consistently make thin layers of liquid hydrogel polymer or precursor on a substrate at a desired 

height. The selected material is transferred into the liquid hydrogel layer in a programmed pattern. 

The layer is gelled, and a new printing layer is produced by the addition of new hydrogel solution, 

again coated to the desired layer thickness. This technique is very similar to the previous method, 

but may hold advantages if each layer needs only a small amount of printed substance, relative to 

the overall bulk material. These techniques can be repeated for a desired number of layers. 3D 

resolution is determined by the hydrogel coating mechanism’s control over the height of the newly 

laid hydrogel layer. The average height for individual layers with one such coating technique, 

blade-coating, approaches approximately 40 μm [65].  Combinations of hydrogel materials 

previously used in LbL LDW, as well as other candidate materials, have been listed in Figure 7.3. 

LbL LDW has been used for in vitro and in vivo skin tissue, an osteosarcoma model, and cardiac 

regeneration [46], [66], [67]. Beyond creating tissue models, 3D LDW can be used to study cell-

to-cell signaling. One powerful example of 3D laser direct-write studied the co-culture signaling 

and migration between adipose derived stem cells and endothelial colony forming cells in 

hyaluronic acid and fibrin gels [47]. 
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The LbL LDW printing technique appears to be very similar to another LbL technique, 

inkjet-printing, which has also been adapted for biological applications. Inkjet bioprinting deposits 

hydrogel material, in which cells can be suspended, directly from a nozzle to a substrate, either 

spot-by-spot or by continuous flow. Discrete layers of printed material are often gelled prior to 

printing additional layers. The advantages of inkjet printing are that it is generally a less expensive 

and faster process than LDW.  

2.6 Cancer applications 

2.6.1 Current and next generation in vitro cancer models 

The native cancer niche is a complex and dynamic microenvironment made of biochemical and 

mechanical cues that are often oversimplified by current in vitro tumor analogs. However, the next 

generation of anti-cancer diagnostics, as well as research tools, will require new, more 

sophisticated in vitro models that more accurately recapitulate key aspects of the native tumor. 

Traditional 2D cell culture models for cancer lack the complexity of the native tumor 

microenvironment, giving them limited prognostic value for drug screening and basic research 

[61], [68]. Several features of the tumor microenvironment have been identified as playing major 

roles in tumor progression, such as the native 3D environment [69], soluble factors [70], cell-ECM 

interactions [71], ECM stiffness [72], and heterotypic cell signaling [73]. To incorporate some of 

these key features within tumor models, researchers have largely transferred to 3D culture systems. 

Of these models, one of the most commonly used is the multicellular tumor spheroid.  

Multicellular tumor spheroids (MCTS) are 3D cellular aggregates of cancer cells. These 

cellular masses are produced using culture techniques that favor cell-cell over cell-substrate 

interactions.  Some conventional methods for MCTS fabrication are suspension cultures [74], 

hanging droplets [75], non-adherent surfaces [76] or microencapsulation techniques [77]. In these 



 30 

culture systems, cells primarily interact with neighboring cells, resulting in aggregation and self-

assembly into 3D masses where tumor cells derive and organize ECM material and develop 3D 

cell-cell and cell-matrix interactions [78]. MCTS recapitulate morphological and mass transport 

aspects of an avascular tumor microenvironment with soluble factor, nutrient, and signaling 

diffusive gradients and heterotypic cell behavior [79]. The behavior of MCTS can be influenced 

depending on the size of the spheroid as well as mono- or co-culture conditions [80]. These 

characteristics have led to MCTS being used as a cancer surrogate for a variety of studies such as  

drug screening and basic cancer research [77], [81], [82]. While this model is attractive for its 

many features of the native tumor, there are still key aspects that will be required for the next 

generation of tumor models. Traditional MCTS models have limited control over the MCTS size 

and tumor microenvironment features such as heterotypic cell signaling and mechanical cues from 

the native matrix, both of which are responsible for cancer’s hallmark characteristics [73].  

2.6.2 Tumor stiffness and mechanotransduction 

Tumor formation in vivo is typically accompanied by an increase in local tissue stiffness, with 

stiffer tumors being associated with a poorer clinical prognosis [83], [84]. The actual contrast in 

stiffness of the tumor and surrounding tissue has become such a distinguishing property that 

various techniques have been developed for detection and measuring of in vivo tumor stiffness, 

which are then used to distinguish normal tissue, benign, and malignant tumors [85], [86]. In the 

case of breast tissue, normal tissue stiffness is as soft as 150 Pa, while cancerous tissue can exceed 

2 kPa [87]. Tumor stiffening in vivo is seen as a result of ECM remodeling, and increases in 

collagen crosslinking [88]. Studies have found that this process accompanies tumorigenesis, and 

while many of the effects of matrix remodeling for tumor progress are known [89], the implications 
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of stiffness is less understood. Because of this, tumor stiffness has become the target of many 

researchers due to its role in tumor progression.  

Matrix stiffness plays a profound role in cell behavior, influencing proliferation, migration, 

and differentiation [90]. Over time, a number of studies have emerged with evidence supporting 

the role of matrix stiffness in tumor progression. Some studies are based off in vitro hydrogel 

models, where gel stiffness is manipulated by changing the degree of crosslinking, while 

measuring invasive potential by culturing cells on top of the gels. It has been shown that a stiffer 

gel induces migration [91], [92] and results in a more invasive cancer phenotype with a greater 

amount of invasive acini [93]. Mechanistically, it has recently been shown that the invasive cancer 

phenotype induced by a stiff matrix, results in the release of cytosol tethered protein TWIST1, 

which becomes localized within the nucleus [72]. This has been demonstrated to be an integrin-

dependent pathway, distinct from the pathway that differentiates stem cells [88]. Additional studies 

have further shown that matrix stiffness also modulates proliferation and chemotherapeutic 

response within the tumor [7]. Recently, studies have begun to utilize more representative 3D 

models, such as the multicellular tumor spheroid, for in vitro investigations. 

For applications that analyze the effects of stiffness on tumor behavior, MCTS are formed 

within bulk gels, microbeads, or microcapsules. Within bulk gels, it was found that tumor spheroid 

morphology and drug resistivity are influenced by integrin availability as well as the stiffness of 

the hydrogel [95]. Additionally, similar studies using spheroids embedded within gels found 

increased stiffness resulted in enhanced spheroid outgrowth [96]. Interestingly enough, MCTS 

within these models do not experience enhanced proliferation within stiffer matrices, as seen in 

2D cultures [95], [96]. Experiments assessing MCTS within microcapsules examined how stress 

from capsule walls influenced spheroid growth, which is representative of the compact in vivo 
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early tumor microenvironment. It was found that the solid stress at the capsule interface slowed 

proliferation while simultaneously inducing cellular reorganization and peripheral cell motility 

[97], [98]. In addition, increasing solid stress at this interface could further inhibit proliferation 

and increase cell apoptosis, which is interesting as many researchers thought apoptosis during 

tumor development was triggered by biochemical cues [97]. Microbeads also have been used for 

analyzing the effects of mechanical properties on the development of cancer stem cells (CSC). In 

this work, it was found that CSC enrichment was achieved at specific stiffness within alginate 

microbeads, and could not be replicated within 2D culture at similar stiffness [99]. 

2.7 Alginate microbeads and core-shelled environments 

2.7.1 Alginate as a candidate material 

Hydrogels are 3D insoluble polymeric networks that form through the crosslinking of 

adjacent polymeric chains [35]. These materials are engineered from a variety of natural and 

synthetic polymers and are advantageous for numerous biomedical applications because of their 

mechanical properties, degradation kinetics, diffusion rates, and biocompatibility [36]. Alginate, 

one such polymer, is an appealing material for forming hydrogels due to its “gentle” crosslinking 

procedure, commercial availability, and tunable mechanical properties (e.g., elastic modulus, 

permeability, and porosity) [37]. Alginate is a linear polysaccharide extracted from brown algae, 

and has been used in applications ranging from tissue engineering, drug delivery, to wound healing 

[38]. The copolymer is composed of covalently (1,4)-linked β-D-mannuronic acid (M) and α-L-

guluronic acid (G) subunits, where the M:G ratio is dependent on the origin of the alginate [39]. 

Soluble alginates form hydrogels by ionic crosslinking adjacent polymer chains through shared 

interaction of two G blocks with a divalent cation (e.g., Ca2+, Sr2+, Ba2+) [40]. The mechanical 

properties of alginate can be adjusted by manipulating features of the alginate such as 
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concentration, molecular weight, and M:G ratio, or through altering the gelation parameters such 

as the divalent cation used, the divalent cation concentration, and crosslinking duration [41–43]. 

Additionally, alginate can be functionalized to produce a synthetic extracellular matrix. 

Cellular interaction with the surrounding matrix typically occurs through transmembrane 

anchorage proteins (i.e., integrins) and specific cell binding domains found within the matrix. Cell 

attachment is essential for many cell types and plays a role in migration, proliferation, 

differentiation, and apoptosis [44,45]. Alginate naturally lacks cell binding domains found within 

ECM polymers such as collagen, leaving encapsulated cells with limited ability to interact with 

the matrix. To enable cell matrix interactions within alginate gels, chemically modified alginates 

have been developed containing cell binding sequences [46,47]. Such alginates have been grafted 

with peptides containing RGD to induce integrin binding with the matrix. By tuning the cell 

adhesion ligand and its relative concentration, cell-alginate interactions can be induced and 

controlled, mimicking the native ECM [48]. Alternatively, cellular attachment within alginate gels 

has been similarly achieved through the blending of additional polymer sources that contain natural 

cell binding domains [49]. 

2.7.2 Microbeads and microcapsules 

Microbeads are spherical hydrogel constructs, typically fabricated on the micron scale 

through the extrusion of a rapidly crosslinkable polymer into a crosslinking bath (e.g., alginate into 

calcium chloride solution). Microbeads are used to encapsulate biopayloads (e.g., small molecules 

[50] and cells [51]) similar to bulk gels, sharing the benefits of tunable properties and 

biocompatibility. However, microbeads have a few distinct advantages over bulk hydrogel 

alternatives. Large bulk hydrogels suffer from slow rates of mass transport relative to the in vivo 

microenvironment where cells are typically within 100µm of a capillary [52]. Conversely, 
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microbeads have a high surface area to volume ratio allowing for rapid nutrient and waste 

exchange, and additionally are easily visualized with common microscopy techniques. As a result, 

many researchers are investigating microbeads for applications in tissue engineering, regenerative 

medicine, and drug delivery [53]. Common techniques used for microbead fabrication are 

electrostatic bead generators [54], microfluidics channels [55], and high-pressure nozzles [56]. 

While these techniques have many advantages, such as throughput and size control within a 

specific range, they have some caveats. Many bead generators have limited operating windows, 

only fabricating beads within a small size range. Other bead generating techniques can be 

cytotoxic, as well as limited by the materials they can use to generate beads (e.g., electrostatic bead 

generators with polyelectrolyte polymers). A shortcoming shared by all of these techniques is their 

inability to prescribe spatial positioning to the fabricated beads. Spatial control of microbeads is 

highly desirable, as it would allow fabrication of spatially-precise cultures and constructs for 

applications in tissue engineering, as well as explorations in cellular communication/signaling and 

the influence of microenvironmental factors on cell behavior and fate.   

 Microcapsules are core-shelled microstructures composed of a shell and aqueous core 

containing a biopayload [57,58]. Most commonly, microcapsules are fabricated through the 

processing of an alginate microbead precursor. Briefly, an alginate microbead is treated with a 

positively charged polymer, such as poly-L-lysine (PLL) or chitosan [59]. The positively charged 

amine group of the polycation interacts with the negatively charged carboxyl group of the alginate 

via polyelectrolyte complexation, forming a membrane of alginate-polycation around the 

microbead [60]. The core of the bead is then liquefied using a calcium sequestrate, leaving the 

shell and the aqueous core containing the original microbeads contents. The structural properties 

of microcapsules can be controlled through the processing of the microbead to a microcapsule. 
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Some of the parameters that can be used to influence this are the alginate used to form the bead, 

the polycation coating the microbead (e.g., chitosan and poly-L-lysine), polycation concentration, 

polycation molecular weight, polycation coating duration, initial alginate molecular weight, 

concentration, and divalent cation crosslinking [61–64].  While alginate microbeads and 

microcapsules are used for many similar applications, microcapsules lack the 3D matrix within a 

microbead. The absence of a matrix in cellular applications promotes cell-cell interactions within 

the capsule. This feature is exploited to use microcapsules as a tool for generating 3D cell 

aggregates such as embryoid bodies and MCTS [65,66]. 
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3 Single-step laser-based fabrication and patterning of cell-

encapsulating alginate microbeads2 

3.1 Introduction 

Microbeads are three-dimensional, generally spherical microstructures that are currently being 

investigated for applications in tissue engineering and for delivery of drugs, contrast agents, 

proteins, and DNA [100], [101]. The permeability [102], biocompatibility [103], mechanical 

properties [104], and degradation kinetics [105] of microbeads are important design parameters to 

optimize their utility. Microbead permeability has implications in diffusion kinetics, and it has 

even been tailored to give microbeads selective permeability for specific soluble factors [106]. The 

mechanical properties of microbeads influence mechanotransduction, so controlling parameters 

such as elastic modulus may impart signals to encapsulated cells [107]. The in situ degradation 

kinetics are critically important for sustained drug delivery and for tissue engineering applications 

where the scaffold has a desired lifetime. To control these properties, hydrogels have become 

widely used in microbead applications because of their customizability. Typical hydrogel materials 

include collagen, hyaluronan, alginate, and synthetic polymers such as poly-ethylene glycol [108]. 

In particular, alginate has become a popular hydrogel for fabricating cell-encapsulating 

microbeads [107], [109], because of its biocompatibility and mechanical properties that can be 

tuned within physiologic values.   

 Microbeads can be used to sequester soluble molecules [110] and encapsulate cells [111]–

[113]. These capabilities are used in tissue engineering and regenerative medicine to selectively 
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differentiate stem cells [114]–[116] and create soluble factor concentration gradients to guide cell 

migration [117], [118]. One of the primary advantages of microbeads over bulk scaffolds for tissue 

engineering applications is that the surface area-to-volume ratio is small enough to allow rapid 

transport of nutrients and waste of the encapsulated cells [119]. 

Recent microbead fabrication devices take advantage of alginate’s unique property of 

crosslinking in the presence of divalent cations such as calcium. Electrostatic bead generators have 

shown success in fabricating microbeads by using an electric field to extrude droplets of alginate 

into baths of calcium chloride solution. To increase the size of fabricated beads, higher electric 

field strengths are utilized, resulting in larger-diameter beads [1]. Other technologies have focused 

on using microfluidic devices [112], [120], [121] or micro-vibrators [122] to generate alginate 

droplets which crosslink when they contact calcium chloride solution. Microbead size can be 

adjusted by changing the flow rate [120], [121], [123] or air pulse frequency [112] inside the 

device.  Additional methods for microbead fabrication include using high-pressure nozzles or 

syringe needles to expel alginate into calcium chloride solution [124], [125]. 

 Despite their ability to create beads of controlled size, microfluidic, electrostatic, and 

pressure-based bead generators cannot precisely control microbead placement. These techniques 

can fabricate monodispersed beads [100], [111], [120], [121], yet the placement of beads at 

controlled distances has not been demonstrated.  Accurate bead placement in micropatterns can 

enable custom tissue-engineered constructs of loaded microbeads or precise delivery of small 

molecules, as well as the spatial precision necessary to modulate paracrine cellular signaling.  

Lithography-based patterning techniques are precise, but involve high temperatures, high 

pressures, and various chemicals that would not be compatible with microbeads that encapsulate 

viable cells [126] or temperature-sensitive molecules like proteins or nucleic acids.  One method 
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for patterning microbeads with viable cells uses an optically switched dielectrophoretic (ODEP) 

force to manipulate alginate beads [127]. However, this technique, like many others, cannot be 

easily used to manipulate single beads. For especially precise applications in tissue engineering 

and regenerative medicine, it is often important to pattern single beads with viable cells.   

Laser direct-write (LDW) has been used as a tool for creating patterns of single [5] or 

multiple [128] microbeads. To date, these techniques require pre-fabricated beads, are unable to 

pattern large beads (over 250 μm), and have limited pattern resolution. Moreover, when utilizing 

LDW to pattern pre-fabricated cell-loaded microbeads, cell viability inside of the microbeads 

dropped substantially during the printing process [5]. Another laser-based technique for microbead 

formation, laser-induced forward transfer (LIFT), does not offer the necessary control over bead 

size and placement [129]. An additional consequence of this technique is the generation of 

unwanted satellite microbeads, possibly due to a large alginate travel distance required for foil-

based ejection and circular bead formation. Due to their precision and controllability, laser-based 

printing techniques have excellent resolution for cell printing [4], [55], even using alginate for 3D 

microscaffolds [65].  LDW has not been previously shown to generate microbeads.  In this paper, 

we present a novel microbead fabrication technique that utilizes LDW as a single step to both 

fabricate and place single alginate microbeads in spatial patterns with micron-level precision.  

3.2 Materials and methods 

3.2.1 Cell culture 

GFP-labeled MDA-MB-231-gfp (M231) triple negative human breast cancer cells (ATCC, 

Manassas, VA) were grown in standard cell culture conditions (37 C, 5% CO2, 95% RH) in growth 

medium consisting of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

(v/v) fetal bovine serum (FBS), 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine. Human 
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foreskin fibroblasts (HFF-1, ATCC) were transduced with mCherry crude lentiviral particle 

(GeneCopoeia, Rockville, MD) and cultured in DMEM supplemented with 10% (v/v) FBS and 

100 U/ml penicillin/streptomycin. 

3.2.2 Laser-based microbead fabrication 

A LDW system [4] was adapted to fabricate alginate microbeads (Figure 3.1). To 

prepare alginate for cross-linking into microbeads, alginic acid sodium salt (Sigma Aldrich, St. 

Louis, MO) was dissolved slowly into cell-culture grade distilled water at 2% w/v along with 

sodium chloride at 0.9% w/v. The alginate solution was stirred overnight and passed through 0.8 

μm and 0.2 μm cellulose acetate filters.  

To prepare a receiving substrate for microbead cross-linking and immobilization, poly-L-

lysine (MW 70000-150000; Sigma Aldrich, St. Louis, MO)-coated Petri dishes were spin coated 

with warm 10% gelatin/2% calcium chloride at 2000 rpm for 20 seconds. After a five-minute 

refrigeration, the dish was rinsed with cold 2% calcium chloride and placed in a 37° C-incubator 

for 25 minutes.  To prepare the print ribbon for material deposition, a flat, 50-mm diameter, UV-

transparent quartz disk (“ribbon”; Edmund Optics, Barrington, NJ) was spin coated with 10% 

gelatin/2% alginate solution at 2000 rpm for 20 s. The ribbon was then incubated at 37° C for 3 

minutes. To load the print ribbon, M231 cells, suspended in 2% alginate/0.9% sodium chloride, 

were pipetted onto the prepared ribbon and incubated for 7 minutes, then moved to a laminar flow 

hood for 4 minutes. Excess alginate was removed, and the ribbon was inverted and mounted 

approximately 750 µm above the receiving substrate in the LDW system (Teosys LLC, Crofton, 

MD) [4].  The receiving substrate and mounted ribbon were secured on independent x-y Computer-

Aided Design/Computer-Aided Manufacturing (CAD/CAM)-controlled motorized stages. A 

program was used to pulse the laser (ArF excimer; λ=193 nm) once for each corresponding target 
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spot and deposit M231 cells and 2% alginate solution onto the receiving dish, where the deposited 

droplets crosslinked in situ, forming microbeads. After each microbead was printed, the receiving 

stage and ribbon stage were each independently moved so the next alginate droplet could be placed 

on the receiving substrate according to the program.  A charged coupled device (CCD) camera 

sharing the beam path with the laser [4] allowed real-time focusing and selection of desired cells 

to be encapsulated in the printed beads.   

To rapidly perform bead fabrication, the receiving stage was moved at an average velocity 

of 600 μm/s to the next programmed location at a linear distance of 600 μm, with no pauses in 

movement.  Cell-containing alginate microbeads on the receiving dish were incubated for 10 

minutes after the transfer was completed. Media was then added for cell survival. 

3.2.3 Control and characterization of microbeads and patterns 

The size of the fabricated alginate microbeads was controlled by manipulating the beam 

diameter of the pulsed laser, i.e., the smaller the beam, the smaller the microbead.  This was 

possible down to a threshold laser fluence of approximately 0.11 J/cm2, below which no material 

was deposited. The beam profile was approximately Gaussian, and aided by the intracavity 

aperture. The beam diameter was controlled using an iris in the beam path close to the objective. 

After crosslinking the alginate to form microbeads, images were acquired using a Zeiss Z1 

microscope with Axiovision software (Carl Zeiss, Thornwood, NY).  The laser beam diameter was 

approximated by measuring the diameter of ink ablated from a glass slide by a laser pulse. 

Diameters of microbeads were measured using Axiovision.   

Each alginate microbead was treated as spherical, and the microbead diameter was 

measured in Axiovision software. Diameters were averaged for each twelve-bead printed pattern, 

(3x4 bead array) and the standard deviation was obtained. Statistical analysis was performed in 
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JMP Statistical Discovery Software (version 9, SAS, Cary, NC, USA). A 2-tailed Student's t-test 

was used to determine the p-value for the effect of the diameter of the laser beam on the diameter 

of the printed microbead. To measure microbead circularity and pattern fidelity, image analysis 

tools in ImageJ (US National Institutes of Health Bethesda, MD, USA) were utilized.  Images were 

processed using background subtraction if necessary, edge detection or thresholding, conversion 

to binary, and successive dilation and filling of holes until all microbead areas were full. For beads 

that were very close together, this method connected some beads, so the paintbrush tool at single-

pixel level and erosion were used for separation of joined microbeads only. The “analyze particles” 

tool in ImageJ was used determine microbead circularity, centroid locations, and average diameter. 

Diameter was calculated by averaging the maximum and minimum Feret diameters measured by 

ImageJ. The distances between microbead centroids were calculated and compared to the desired 

distance. Microbead circularities and distances within each pattern were averaged. 

To visualize the overall 3D structure of the alginate beads, stock fluorescent rhodamine 

dye in DMSO at 2.5 mg/ml was diluted to a final concentration of 1 µg/ml in 2% alginate/0.9% 

sodium chloride solution. The alginate droplets were transferred to the receiving substrate as 

previously described, and incubated for 10 minutes to allow calcium chloride crosslinking of the 

alginate. Fluorescent microbeads were then visualized using the Zeiss ApoTome and Z-stack 

imaging in Axiovision software. Fluorescent M231 cells were also visualized in 3D using the 

ApoTome. 

3.2.4 Analysis of cell viability in microbeads  

Live-dead solution was prepared from a Live-Dead Staining Kit (Biovision, Inc., Milpitas, 

CA), and staining was performed on printed beads at one day, three days, or five days after 

printing. Culture media was removed from the beads, and beads were incubated for 15 minutes in 
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staining buffer with final concentrations of Live-DyeTM dye at 1 μM to stain live cells, and 

propidium iodide at 2.5 μg/ml to stain dead cells. The live-dead stain was also performed on cells 

on the print ribbon immediately after printing. Living cells emitted at 518 nm (green), while dead 

cells emitted at 615 nm (red).  

Live-dead image analysis was performed in ImageJ. The number of cells fluorescing at 518 

nm and at 615 nm were counted individually. The percentage of live cells was calculated by the 

number cells emitting at 518 nm divided by the total number of cells stained. 

3.2.5 Hybrid cell-microbead patterning using LDW 

 To further demonstrate the utility of this process, hybrid patterns of printed cells and 

microbeads were created using LDW. Our lab has previously demonstrated the ability to directly 

pattern cells using gelatin-based LDW, such that cells are printed onto a substrate with unrestricted 

cell growth following transfer [4].  We modified this method to accommodate the printing of 

microbeads and cells to the same common substrate. A receiving substrate was prepared by spin 

coating 10% gelatin/1% calcium chloride to a PLL-coated Petri dish at 4000 rpm. After five 

minutes in refrigeration, the Petri dish was washed with 1% calcium chloride/DMEM, and the dish 

was incubated at 37 °C. To fabricate and localize the microbeads, an initial ribbon was prepared, 

loaded with M231 cells suspended in 2% alginate, and microbeads were created and deposited 

using the laser as described above.  Prior to bead deposition, a second ribbon was prepared for 

cellular LDW [4] by spin-coating with 20% gelatin/DMEM and loading with fibroblasts suspended 

in media. After bead deposition, cells from the second ribbon were patterned into programmed 

spots within the microbead array. After allowing 15 minutes for cell attachment, media was added 

to the hybrid pattern to facilitate survival of cells, both the M231 cells within beads and the 
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fibroblasts attached to the substrate. The pattern was imaged immediately after printing and 

following 24 hours in culture. 

 

Figure 3.1: Schematic of single-step laser-based bead fabrication and deposition process. (a) System overview, 

(b) alginate droplet ejection, and (c) in situ crosslinking of microbead [46]. 

3.3 Results 

3.3.1 Alginate microbead fabrication and characterization 

Alginate microbeads were successfully fabricated and patterned in a single step using our laser-

based fabrication and deposition method. To demonstrate the repeatability of this technique, we 

examined the influence of laser beam size on the diameter of laser-fabricated alginate microbeads. 

A beam diameter of 100 μm produced alginate beads with diameters of 102±8 μm (Figure 3.2a). 

A larger beam (diameter = 175 μm) produced alginate beads with an average diameter of 349±21 

μm (Figure 3.2b). However, bead fabrication is not limited to these sizes.  Rather, beads can be 

generated outside of this size range by manipulating the size of the laser beam (Figure 3.2c). To 

illustrate the precision and customizability of the technique, representative arrays with 600-µm 

centroid-to-centroid spacing for both 100-µm-diameter and 350-µm-diameter beads were 
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produced (Figure 3.2 d-e). Beam width had a significant effect on the resulting microbead 

diameter (p<0.001, n=3; Fig. 3.3). 

     

Figure 3.2: Laser-fabricated microbeads. (a) Single 100-μm diameter microbead with encapsulated M231 

cells. (b) Single 350-μm-diameter microbead with encapsulated M231 cells. (c) Single 500-μm-diameter 

microbead with encapsulated M231 cells. Representative pattern of (d) 100-μm-diameter microbeads with 

encapsulated cells and (e) 350-μm-diameter microbeads with encapsulated cells. Scale bars are 200 μm.  

 

Figure 3.3: Influence of laser beam size on fabricated bead diameter. Error bars are one standard deviation.  
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Although the appearance of cells in multiple planes within microbeads suggested a 3D 

structure, we confirmed 3D structure using microscopy. Fluorescent rhodamine dye was added to 

the alginate, and the 3D structure was visualized by acquiring a Z-stack image using the Zeiss 

ApoTome. An orthogonal view of a microbead suggests a spheroidal 3D structure (Figure 3.4a). 

GFP-expressing M231 cells imaged in 3D were also encapsulated in different planes of the 3D 

microbead (Figure 3.4b). 

 

Figure 3.4: 3D ApoTome Z-stack images of laser-fabricated microbeads (a) with rhodamine dye dissolved in 

alginate and (b) with GFP-fluorescent M231 cells.  

 

Figure 3.5: Grid patterns of adjacent microbeads with (a) 100-μm-diameter microbeads in a grid with 100-

μm spacing between microbead centroids and (b) 150-μm-diameter microbeads in a grid with 175-μm spacing 

between microbead centroids. Scale bars are 200 μm. 

To demonstrate the precision and micron-level resolution of this printing technique, we 

patterned beads so that edges were adjacent. Adjacent beads were successfully printed with 100-

μm diameter and with 100-μm centroid-to-centroid spacing (Figure 3.5a). The printing resolution 
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to deposit adjacent beads for a desired bead size was further demonstrated by printing adjacent 

beads with 150-μm diameter and 175-μm centroid-to-centroid spacing (Figure 3.5b). In all 

patterns, for all spacings and bead sizes, the average circularity of microbeads was greater than 

0.85, and approached 0.9 when microbeads were not adjacent. The precision of centroid-to-

centroid microbead spacing was within 2% of the desired spacing, regardless of bead size or pattern 

spacing (Table 3.1). To illustrate the scalability of this technique, large patterns in 10×10 arrays 

were produced. Beads were fabricated and placed at a rate of 1 Hz, a conservative demonstration 

of the high-throughput capability of the system. The center-to-center bead spacing of these arrays 

was 600 μm, making each array 5.4 mm × 5.4 mm in size (Figure 3.6). 

Table 3.1: Characteristics of patterns and microbeads, illustrating fidelity of the technique. 

 

 

Figure 3.6. 10 × 10 array of microbeads. Scale bar is 500 μm.  
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3.3.2 Cell viability in alginate beads 

To ensure that laser-based bead fabrication was not detrimental to encapsulated cells, we 

measured cell viability before and after bead fabrication using a live-dead staining kit. Cells 

encapsulated inside of beads were distinguished by cell-permeable fluorescent dye, green for 

living, and red for dead. 98% of cells were alive on the print ribbon compared to 89.6% of cells 

encapsulated in beads one day after printing.  Longer-term cell viability was maintained in culture, 

with a slight decrease over time to 86.7% at 3 days and 84.3% at 5 days (Figure 3.7). Encapsulated 

cells appeared to remain localized within the 2% alginate microbeads, showing no evidence of 

proliferation or migration over a 7-day period (Figure 3.8). However, cells in the alginate 

microbeads grew up to 40% in diameter over 7 days.  

 
Figure 3.7: Live–dead stain of M231 cells showing per cent viability on the print ribbon (day 0), and in 

representative printed microbeads after 1, 3, and 5 days in culture (green live, red dead). Scale bars are 200 

μm.  

 

Figure 3.8: Time-lapse images of a single microbead over seven days, illustrating that cells encapsulated 

inside of microbeads grow in size, while maintaining their relative position. Over time in culture, the cells are 

able to survive and grow, yet are immobilized within the alginate bead, showing no evidence of either 

migration or proliferation. Scale bars are 100 μm.  
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3.3.3 Compatibility with cellular laser direct-write 

 

Figure 3.9: Schematics and images of hybrid cell/microbead array on glass cover slip shown immediately 

after printing (a), (c), (e) and after one day (b), (d), (f). Schematics (a), (b) show the desired alternating 

checkerboard pattern of M231 cells (green) encapsulated in microbeads and fibroblasts (red) printed directly 

on the common substrate. Phase contrast images (c), (d) and fluorescent images (e), (f) show the printed 

hybrid cell/microbead construct immediately after printing (c), (e), and that after 1 day in culture (d), (f) the 

M231 cells remain encapsulated and localized within the microbeads, while growth of fibroblasts is 

unrestricted. Scale bar is 500 µm. 

 

 We have shown that this technique also enables the hybrid patterning of cells and 

microbeads together on a common substrate to create hybrid cell-microbead arrays. The fibroblasts 

and cell-loaded microbeads (M231) were successfully patterned onto a single common substrate 

in an alternating checkerboard pattern of microbeads and cells, demonstrating the ability to 

fabricate precise hybrid cell-microbead arrays (Figure 3.9).   After one day in culture, cells printed 

by LDW had attached and began to migrate, while cells in microbeads remained encapsulated and 
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immobilized. Moreover, the patterned microbeads maintained their printed locations through the 

duration in culture.  These findings demonstrate that that hybrid constructs can be fabricated in 

which cells in the same construct can have either unrestricted growth (via gelatin-based LDW of 

cells) or complete encapsulation and localization (via LDW-microbeads).   

3.4 Discussion 

We have demonstrated a novel, single-step method for alginate/calcium chloride microbead 

fabrication and precise placement using LDW. Fabricated bead diameter is controllable within 8% 

by adjusting the diameter and fluence of the laser beam, and beads can be placed within 2% of the 

desired location via CAD/CAM. Precise, single microbead placement has not previously been 

achieved, and placement is an important step to create spatially-precise constructs to probe basic 

biology questions involving paracrine signaling or cell-to-cell interactions. The versatility of this 

technique allows tuning the mechanical properties of the bead by adjusting the alginate and/or 

calcium chloride concentration. Many current microbead fabrication techniques are limited in their 

ability to fabricate small beads, and cannot reliably fabricate beads in the 100-300 μm range. 

Herein, we show that LDW-based bead fabrication can produce and deposit beads over a large 

range of sizes based on the laser beam energy and iris size. Size control of microbeads will enable 

the engineering of more precise tissue constructs, and will also allow defined amounts of small 

molecules to be sequestered and delivered based on their concentration in the alginate and the 

tunable material properties of the alginate.  

 Our method represents a fundamental shift from traditional direct-write technologies and 

printing, where a material is deposited from one planar surface to another. With other direct-write 

methods, including previous direct-write of microbeads [5], the transfer event deposits material 

from ribbon to the substrate while preserving the transferred material geometry.  With direct-write 
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of a viscous material, the absorption of laser energy causes desorption of the material, which may 

form a jet or plume as it is deposited [130], though the material will revert to its original planar 

geometry after it is transferred to the substrate. By contrast, in situ crosslinking in our technique 

alters the geometry of the material from planar while on the ribbon, to 3D after transfer to the 

substrate, because the geometry of the ejected spheroid droplet is retained during the rapid in situ 

crosslinking event (Figure 3.10). Attaining the 3D geometry in a single step results in minimized 

processing of microbeads and concomitant high cell viability, along with superior localization of 

microbeads. 

 

Figure 3.10: Proposed mechanism of laser-based bead fabrication by droplet ejection and in situ crosslinking.  

 

Further applications of microbead fabrication and patterning extend to biological studies. 

In our technique, the high-velocity ejection of alginate into the gelatin substrate, along with in situ 

crosslinking, allows immobilization of beads in the substrate coating, thus maintaining pattern 

registry. In contrast, conventional bead fabrication techniques deposit alginate into aqueous 

calcium chloride solution, and beads are allowed to disperse without any control on placement. In 

addition to tissue engineering applications, precise placement of beads in patterns lends itself to 
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creating spatially-precise bead arrays/cultures to study cellular signaling. Alginate is commonly 

used to sequester small molecules and drugs [131], and precise placement of beads with respect to 

cells offers the potential to study cellular response to a precise, chemotactic signal. By controlling 

both the concentration of a factor in the bead and the distance from a cell population – either 

sequestered in a separate bead or adherent to the substrate – the chemical and directional response 

of cells can be studied.  

Microbeads are not limited to sequestering small molecules.  They can also encapsulate 

cells that continue to produce factors at a steady state, unlike the exponential decay release profile 

typical of sequestered molecules.  In this study, we observed viable encapsulated cells out to 5 

days, and other studies have shown continued release of growth factors after weeks in alginate-

encapsulated cells [113]. Cell viability within beads of 89.6% is comparable to cell printing using 

LDW [4], [55], as well as viability demonstrated by other techniques [107], although many studies 

do not report a value for viability. This high cell viability is also achieved in single-step fabrication 

and patterning, while the viability is much lower when fabrication and patterning is performed in 

two steps [5].   This high viability enables this laser-based bead fabrication technique to be used 

for tissue engineering purposes.  Additionally, the cells encapsulated in microbeads were able to 

grow in size throughout their time in culture, yet remained immobilized within the non-

functionalized alginate matrix, showing no evidence of migration or proliferation (Figure 3.8).  

This could possibly be due to the dense 2% alginate hydrogel [132], or the lack of sites for cell 

attachment.  If cell proliferation within the beads is desired, a modified alginate can be used (e.g., 

RGD-functionalized alginate) that provides sites for cell attachment. Microbeads can also be 

further processed to allow cell attachment or to dissociate the alginate on the inside of beads, 
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enabling cell attachment to the hollow shell [133]. Some bead materials, such as alginate-fibrin, 

allow encapsulation and quick release of cells compared to alginate alone [134]. 

The high-throughput capabilities and versatility of LDW make it a valuable tool for rapidly 

fabricating microbeads. In this study, microbeads were precisely fabricated and patterned at 1 Hz, 

though the laser has a 300 Hz repetition rate. Deposition speed can be increased by both increasing 

the laser repetition rate and increasing the stage velocity and/or decreasing the distance between 

printed beads. For scaling production of microbeads, alginate can be deposited into a calcium 

chloride bath, where alginate beads can rapidly be generated and recovered. Recovered beads can 

then be stored in cell culture media in an incubator for use at a later desired time. 

Consistent microbead placement, within 2% of desired location, was demonstrated by 

patterning beads in rectangular grids, and edge-to-edge placement of 100-μm diameter beads 

(Figure 3.5a) illustrates the repeatability of the technique. There was little loss of microbead 

fidelity with edge-to-edge placement, as average circularity remained above 0.85 (Table 3.1). 

However, some changes in microbead appearance and deformation were observed with edge-to-

edge placement, and we suspect these resulted from physical interactions with adjacent beads. 

Nevertheless, precise edge-to-edge placement also suggests that bead placement can be adapted to 

custom-printed constructs where the microbeads serve as volume pixels, or “voxels.” 

Extrapolation of this technique could be used for the fabrication of 3D structures where each bead 

location could be tailored to hold a specific cell type or soluble factor in the structure. The use of 

multiple cell types would enable complex, customizable, bottom-up tissue engineering. Moreover, 

the surface area-to-volume ratio of the beads may allow for nutrient exchange through the 3D 

structure with better efficiency than bulk hydrogel scaffolds provide.  
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 We have additionally shown that traditional gelatin-based laser direct-write for cell 

patterning [4] is compatible with the alginate bead fabrication. The ability to deposit cells along 

with beads in a predetermined array offers exciting experimental potential for researching cell 

migration in correspondence to spatial cues, soluble factor gradients, and drug delivery. With the 

combination of these tools, we have the capability to selectively put cells in either 2D or 3D 

environments, thereby affecting the cellular microenvironment and influencing cell behavior 

[135], [136].  

Further processing of alginate microbeads with poly-L-lysine (PLL) or chitosan can be 

used to form a shell around the microbeads, altering their material properties [137]–[139]. With 

the addition of sodium citrate, the alginate can be liquefied with the shell intact, forming a 

microcapsule (see Chapter 5). Interaction with the shell in an aqueous environment allows cellular 

migration and proliferation that alginate encapsulation inhibits, while still maintaining a physical 

constraint on migration so that cells can be localized to a desired area. Localization of 

microcapsules has not been previously demonstrated. Alginate has shown great utility for both 

microbead and microcapsule formation [137], [140]. 

 Furthermore, unlike electrostatic bead generation techniques, which rely on the charge of 

the polymer for mass transfer, LDW is not limited by the charge of the material. In theory, 

microbead fabrication based on LDW can be applied to transfer any UV-absorptive material onto 

a substrate with its corresponding cross-linker. This versatility may enable the use of a wide range 

of biomaterials including chitosan [141], thrombin [134], [142], and hyaluronan [108], [143]. UV-

photocrosslinkable materials [134], [144] could potentially be used as well, because this technique 

utilizes a UV laser. A wide range of potential materials, coupled with the combination of size and 

placement control of microbeads, makes this technique very powerful for tissue engineering 

applications. 
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3.5 Conclusions 

Laser direct-write is a powerful tool for precise alginate microbead fabrication, 

reproducibly making beads with diameters from 100 to 500 μm, and potentially outside this range 

by adjusting the laser beam diameter. Microbeads were fabricated and placed in a single-step 

process, using the standard LDW setup, to rapidly generate spatially-precise arrays. This technique 

has demonstrated the ability to load beads with soluble factors or encapsulate cells. Further, the 

cells encapsulated in the fabricated microbeads maintained a high viability after the process was 

completed.  Laser-based microbead deposition is compatible with LDW for cell deposition, 

making it now possible to create customizable arrays of cells and microbeads. Applications of this 

method include studies involving cell-cell interactions, controlled drug delivery over a specified 

distance, soluble factor gradients to direct migration, bottom-up tissue engineering, and countless 

other studies or approaches. Overall, this study established a framework to fabricate 3D constructs 

to probe the influence of cell signaling, including the mode (paracrine, endocrine, juxtacrine) and 

type of signaling (homotypic, heterotypic crosstalk), through the manipulation of the microbead 

size, spacing, and composition. The unique spatial control provided by single-step LDW 

microbead fabrication and patterning enables creation of idealized constructs to study cellular 

signaling between neighboring microbead nodes. These nodes and their nodal pattern can be 

designed to investigate the influence of the nearest neighboring colony (e.g., cell type and 

distance). More complex nodal arrays can be created to probe the effects of additional neighboring 

colonies and potentially reveal their unique signaling contributions. LDW’s spatial and 

composition control make it a particularly attractive tool to study cellular signaling.  
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4 Characterization and comparison of the mechanical properties 

between alginate microbeads and bulk hydrogels3 

4.1 Introduction 

Within the biomedical community, small particles made of hydrogels (i.e., microbeads) 

have gained popularity for applications of encapsulating biopayloads such as drugs, proteins, 

nucleic acids, and cells, as well as for functioning as a scaffold for seeding cells (i.e., microcarriers) 

[145]–[148]. The distinct benefit of microbeads for any of these applications over traditional bulk 

hydrogels is their favorable surface area to volume ratio, which allows for greater nutrient and 

waste exchange. Microbeads have been fabricated from a plethora of different techniques such as 

extrusion of hydrogels into a rapidly crosslinking bath or through a flow-based system [149], 

[150]. The properties of the fabricated beads largely depend on the parameters surrounding the 

polymer, its preparation, and the resultant crosslinking. In the case of alginate microbeads, alginate 

is extruded into a divalent cation solution, resulting in a bead with mechanical properties dictated 

by the characteristics of the alginate and its crosslinker [101]. 

More than ever, the mechanical properties of microbeads and other biological constructs 

have become of significant importance to researchers. Features such as the elastic modulus, stress 

relaxation rate, porosity, and diffusion characteristics influence many cell-based applications, 

affecting cell morphology, proliferation, migration, signaling, and differentiation [90], [151]–

[153] [154], [155]. In addition to these cell-based implications, these features are critical for 

determining the elution of a biopayload in delivery applications [90], [101], and the stability for 
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long-term culture. This has made the application-driven selection of microbead properties (among 

bulk materials) important to clinicians and researchers alike. While tuning the mechanical 

properties of microbeads by varying the fabrication parameters is straightforward in principle, 

testing these features empirically (i.e., mechanical testing of individual microbeads) presents a 

challenge due to the size-scale and relatively soft properties of microbeads. 

To approximate the mechanical properties of a microbead, researchers often test a bulk 

hydrogel fabricated from the same material, e.g., bulk alginate hydrogel to approximate the 

characteristics of alginate microbeads [102], [156]–[158]. While this technique gives valuable 

insight into the phenomena that occurs within microbeads and how their properties change with 

fabrication parameters, bulk hydrogel analogues may have some structural and mechanical 

disparities as a result of the manufacturing process. Often microbeads are fabricated by extrusion 

of a droplet into a bath where they are rapidly crosslinked via a process known as external gelation. 

This technique works well for microbead fabrication because of the size of a micron-scale droplet, 

which results in almost instantaneous crosslinking. Fabricating a bulk gel through external 

crosslinking can disrupt the surface of the gel or cause heterogeneous crosslinking and surface 

structure, which is why many researchers utilize internal crosslinking mechanisms to make 

homogenous gel analogs [101]. Whether formed via internal or external crosslinking, bulk gels 

have a number of potential limitations as an analog for estimating the structural properties of 

microbeads. 

As an alternative to bulk hydrogel analogs, recent work has begun to characterize 

microbeads with micromechanical methods. The two most commonly used techniques to 

mechanically characterize spherical microparticles are atomic force microscopy (AFM) and micro-

compression (i.e., compression testing by micromanipulation) [159], [160].  AFM, an indentation 
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technique, outputs an elasticity surface map that characterizes surface properties. Though this 

technique provides insight into the surface characteristics of a bead, AFM has been shown to yield 

significantly different values than those obtained from unconfined compression. Moreover, the 

values obtained only providing surface characteristics of the microbead, and thus do not capture 

its full 3D environment. Conversely, micro-compression provides an analysis of microbead 

mechanical properties as in a traditional unconfined-compression test; depending on how the 

experiment is performed, the elastic modulus, yield stress, and force relaxation may be determined 

[159]. 

The micro-compression method is simply unconstrained parallel-plate compression at the 

micro-scale, with a collected data output of force versus displacement. Past studies have used “in-

house” designed compression apparatus based on an inverted microscope, which incorporate a 

platen, attached to a force transducer, and a position sensor located on a vertically translational 

stage [161], [162]. Others have used a nanoindentation device in conjunction with a flat indenter 

probe to perform micro-compression [163]. Since these studies performed micro-compression on 

a single microbead, the load cell resolutions necessary were on the µN scale, which drastically 

limited the selection of usable mechanical devices.  In this work, we aim to mechanically 

characterize arrays of alginate microbeads fabricated by the LDW method via micro-compression 

using a commercially available mechanical testing system equipped with a load cell with resolution 

on the order of mN. To accomplish this, we utilize the spatial control of LDW bioprinting to create 

large 12x12 arrays of alginate beads, so that 144 microbeads are characterized in parallel; to 

amplify the mechanical resistance, and distribute the compressive load across a large number of 

beads. In addition, we compare other forms of mechanical properties such as stress relaxation, 

diffusion, and swelling for bulk gels and microbeads. Overall, we find that the trends between 
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microbeads and bulk alginate gels are consistent, but there are significant discrepancies in their 

measured properties. 

 

4.2 Materials and method 

4.2.1 Preparation of alginate microbead arrays 

To prepare the alginate for gelation, alginic acid sodium salt (Sigma Aldrich, St. Louis, 

MO) and sodium chloride were dissolved slowly into cell culture-grade distilled water together at 

2% and 0.9% w/v, respectively.  The alginate solution was stirred overnight and passed through 

0.8 and 0.2 µm cellulose acetate filters.  In preparation for microbead gelation and immobilization, 

a receiving substrate was created by spin coating poly-L-lysine (MW 70,000-150,000; Sigma 

Aldrich, St. Louis, MO)-coated coverslips with warm 10% gelatin at 2,000 rpm for 20 s.  The 

coverslips were then placed on a Petri dish spin-coated with 10% gelatin for immobilization, and 

refrigerated for 5 min.  After, the coverslips were rinsed with cold 2% calcium chloride and 

incubated at 37 °C for 25 min. 

To prepare the print ribbon, 10% gelatin/2% alginate solution was spin coated at 2,000 rpm 

for 20 s on a 50-mm-diameter UV-transparent quartz flat disk (‘ribbon’; Edmund Optics, 

Barrington, NJ).  The printing ribbon was then incubated at 37 °C for 3 min.  The 2% alginate/0.9% 

sodium chloride solution was pipetted onto the ribbon, which was then incubated for 7 min then 

moved to a laminar flow hood for 4 min. 

Both the printing ribbon and receiving substrate were mounted on independent x-y 

computer-aided design/computer-aided manufacturing (CAD/CAM)-controlled motorized stages 

in the LDW system (Teosys LLC, Crofton, MD), with the printing ribbon inverted approximately 

750 µm above the receiving substrate.  The 175-µm-diameter laser beam (ArF excimer; λ = 193 
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nm) was pulsed once at a desired spot on the printing ribbon, resulting in the deposition of 2% 

alginate solution on the chosen receiving coverslip.  The two stages were independently 

programmed to pulse the laser at the next desired spot on the printing ribbon, and deposit the 

resulting alginate droplet in the next location of the desired array on the receiving substrate.  Upon 

contact with the receiving substrate, the alginate droplet is rapidly crosslinked and forms a 

microbead in situ.  A 12x12 array of ~350 µm diameter microbeads was fabricated on each 

coverslip at a rate of 1Hz, with the receiving stage moving throughout the process at an average 

velocity of 600 µm s-1.   A centroid-to-centroid spacing of 600 µm was obtained. 

After the fabrication and patterning, the Petri dish holding the coverslip substrates 

containing microbeads was incubated at 37°C for 10 min.  The coverslips were physically moved 

within the Petri dish to ensure they did not stick to the bottom of the dish.  To preserve microbead 

mechanical properties, calcium chloride or barium chloride solution (matching the experimental 

concentration) was pipetted onto the Petri dish, which was then placed back into the incubator for 

1 hr. 

4.2.2 Bulk alginate gel fabrication. 

Bulk alginate gel mechanical test specimens were prepared as cylindrical disks using 2% 

alginate/0.9% NaCl (w/v). Alginate solution was pipetted as 250-L volumes into 10mm-

diameter cylindrical PDMS molds, and subsequently covered with crosslinker (CaCl2 or BaCl2) 

for a 15-minute duration. Samples were then removed and stored in Dulbecco’s Modified 

Eagle’s Medium (DMEM). Mechanical testing was performed at either 1 hour or 24 hours after 

fabrication. 
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4.2.3 Mechanical characterization. 

To characterize the mechanical properties of the microbead arrays by parallel-plate 

compression, a Mach-1 V500cs micromechanical system (Biomomentum, Laval, QC) was used to 

gather force-displacement-time data with a 70 N load cell (±3.56 mN resolution) (Figure 4.1a).  

Before running the tests, a ground position was acquired by detecting contact at 3 µm s-1 with a 

control coverslip that had been prepared exactly as the others but carried no printed beads. 

Compression/release tests were then conducted on the microbead arrays. To determine the 

height of the beads, the platen was positioned 50 µm above the estimated average bead height from 

the determined ground height, and the software’s “find contact” function was utilized to detect the 

approximate top of the bead array; traveling at a speed of 3 µm s-1 until the 7-mN force detection 

threshold was met. With the height determined, the platen was then repositioned 66 µm above the 

bead array (the array detection was found to generally occur ~16 µm into the compression of the 

average-sized microbead, so this position was estimated to be 50 µm above the array), then lowered 

a distance of 125 µm at the specified compression rate for the given test. These values were chosen 

to deliver 75 µm of compression to the microbead array. To examine strain rate sensitivity, 

microbeads made with 2% calcium chloride were characterized at five different constant 

compression speeds: 1, 3, 25, 60, and 75 µm s-1.  All other microbeads were characterized solely 

at the 60 µm s-1 compression rate.  All compression experiments were performed at room 

temperature (25°C) in a bath of calcium chloride solution at the specific concentration for the given 

experimental condition, in order to maintain mechanical properties. A set of control experiments 

(75-µm compression at rates of 3, 25, and 75 µm s-1), without alginate samples, were performed 

in 2% calcium chloride solution to examine whether there were any possible force artefacts 

associated with fluid drag, and if these were rate-sensitive.   
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Experimental force-deformation data were processed using a low-pass filter to remove 

higher frequency environmental noise. To obtain the fractional deformation, or percent 

compression, the platen displacement into the microbead array was divided by the estimated initial 

height of the microbeads.  Since the exact point of contact with the microbead array was unknown, 

0% deformation was estimated to be 8 µm before the force data reaches the top of the noise floor 

(3.56 mN).  This 8-µm value was determined from pilot experiments using a higher-sensitivity 

load cell (1.5 N capacity, 75 µN resolution). 

To determine the elastic modulus of each alginate bulk gel, cylindrical test specimens were 

mechanically characterized by parallel-plate compression. To test, each specimen was placed in 

the center of a chamber filled with DMEM to remain hydrated throughout testing, and the initial 

height was determined using the “find-contact” mode, until a 0.005N load was detected moving 

the platen at a rate of 10 µm s-1. Based on its initial height value, each specimen was then subjected 

to unconfined compression to 15% strain, at a constant rate of 1% strain s-1. The resulting force-

displacement data were converted to stress-strain using measured specimen geometries. Elastic 

modulus was determined as the slope of the stress-strain curve over a defined linear range, 

approximately 8-10% strain (unless otherwise stated). 

4.2.4 Data analysis 

To derive the intrinsic mechanical properties of the alginate microbeads from the obtained 

force-displacement data, a modified Hertz theory was applied to the array.  Hertz theory [42] 

models the contact mechanics of a linearly elastic spherical particle compressed between two flat 

rigid surfaces for the case of small deformations.  The relation between the applied external force, 

F, and the relative displacement of the plates, H, is provided by the analytical solution given by 

Hertz theory: 
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𝐹 =
4𝑅1/2
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                                                        (1) 

where R, E, and ν are the initial radius, Young’s modulus, and Poisson’s ratio of the particle [43, 

44].  For an array of microbeads with similar size, this model is modified so that the average 

applied force per microbead is used in place of the total applied force (F ave = F /n; n is the number 

of microbeads in the array), as schematically represented (Figure 4.6b). 

Converting the processed force-displacement data to that of force versus H 3/2, least-square 

regression of F on H 3/2 may be used, and the Young’s modulus can then be estimated: 

𝐸 = (𝑠𝑙𝑜𝑝𝑒)
1 − 𝜈2

𝑛
(

3

4
)

23/2

𝑅1/2
                                                      (2) 

A Poisson’s ratio of 0.5 is assumed since alginate microbeads may be considered incompressible 

when fully swollen [44, 45].  Only linear data up to a deformation of about 30% of the initial 

microbead height may be considered for analysis to be valid with the use of Hertz theory [44]. 

A method of standardizing the region in which to apply least-square regression analysis 

was required since initial compression of the microbead array was within the noise floor, and not 

an accurate representation of the applied forces.  The analytical region therefore started where the 

raw data reaches a measured force of 7.12 mN, since this is a discrete step from the noise floor. 

The data range was then defined to span 10% compression from the determined starting point.  An 

example of fitting this section of data to Eq. (1) is shown (Figure 4.6c), as well as the 

corresponding application of this Hertz theory fit to the compression data up to 30% (Figure 4.6d). 

4.2.5 Stress relaxation 

Stress relaxation testing was performed using a compressive ramp-and-hold test on bulk 

hydrogels made from cylindrical disks. In the ramp phase, samples were compressed 20% of their 

original height over a period of 1 second, then held at this displacement for 300 seconds while 
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continuing to collect force and time data (hold phase). The resulting data were analyzed in Matlab.  

Force-displacement data from the ramp phase were used to determine the compression modulus 

between 8-10% strain. Force-time data from the hold phase were analyzed to determine the percent 

relaxation at 10, 60, and 300 seconds after the peak stress, as well as the half relaxation time (i.e., 

time for the stress to decay to one half the difference between the peak and end stress (t1/2)), and 

the stress relaxation rate. The stress relaxation rate was determined using a power law (Eq. (3)) fit 

to the stress-time curve of the hold phase, from 10 seconds to 300 seconds after the maximum 

stress was reached. Because the compression during the ramp phase was not instantaneous (i.e., 

not a true step function), the initial 10 seconds following the peak force, corresponding to ten times 

the duration of the compression phase, were removed from the analysis to avoid transient artefact 

of the compressive phase [164]. The equation for the power law is  

F(t) =  At−𝑛                                                                        (3) 

 

where A is the stress magnitude and n is the relaxation rate. This model has been used previously 

in tissue models with similar mechanical properties to alginate to quantify the rate of stress 

relaxation at a constant strain. 

4.2.6 Diffusion analysis 

Bulk alginate hydrogels were fabricated as previously described. Hydrogels were then 

soaked in 0.9% NaCl containing 10 mg/mL FITC-labeled dextran (70 kDa) for 24 hours to saturate 

hydrogels with the fluorescent molecule. Alginate hydrogels were then moved to fresh 0.9% NaCl 

solution for diffusion analysis. Gels were submerged for 24 hours on a shaker to reduce edge 

effects. Solution was sampled at various times (list the timepoints here) over 24 hours and the 

optical density of each was measured. The concentration of tracer in the NaCl solution was 
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determined by comparison to a FITC-dextran standard absorbance curve. Based on these values, a 

diffusion coefficient could be determined by graphing concentration versus the square root of time, 

and utilizing the following equation:  

𝑐𝑚𝑒𝑑𝑖𝑎 =  𝑐𝑚𝑎𝑡𝑟𝑖𝑥  
𝐴𝑚𝑎𝑡𝑟𝑖𝑥

𝑉𝑏𝑎𝑡ℎ
2√𝑡

𝐷𝑚𝑎𝑡𝑟𝑖𝑥

𝜋
                                                    (4) 

 

where cmedia and cmatrix are the tracer concentration in the media and matrix, respectively, Amatrix is 

the surface area of the top and bottom surfaces of the gel, Vbath is the volume of the NaCl bath, and 

Dmatrix is the diffusion coefficient of the tracer out of the matrix. 

 As previously done with diffusion of BSA through alginate gels [93] the average pore size 

of each bulk gel was estimated using the calculated diffusion constant. Using a previously 

determined value for the diffusion of FITC-dextran through water (DFITC = 4.4E10-7 cm2/s, [165]), 

the calculated diffusion coefficient of FITC-dextran out of the gel, and the radius of the cylindrical 

gel, r, the average pore size, p, of each bulk gel was calculated using Eq. (5),  
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𝑟

𝑝
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 ]                      (5) 

4.2.7 Swelling 

Bulk alginate gels were fabricated as described previously, and set into either saline 

solution or DMEM. To analyze swelling behavior, disks were removed from solution and 

weighed over 24 hours. The average mass at each time point for a given disk was normalized to 

the relative initial mass, and plotted versus time. 
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4.2.8 Statistical analysis 

All mechanical testing experiments were based upon the average of five independent 

experiments, and results are presented as mean  standard deviation. Statistical analyses, one-way 

analysis of variance (ANOVA), and Tukey’s post hoc test, were performed using R Statistical 

Software (Team, 2017), with p < 0.05 considered statistically significant. 

 

4.3 Results 

 

4.3.1 Compression and stress relaxation of bulk hydrogels 

Compression of alginate hydrogels produced force-displacement curves with two distinct 

linear regions within the first 10% strain:  1-4% strain (region 1), and 8-10% strain (region 2) 

(Figure 4.1b). Elastic moduli determined from region 2 were consistently ~1.7-2.1x greater than 

those of region 1, within bulk gels.  For clarity, and comparison to prior results, all elastic moduli 

reported hereafter are from region 2.  

 

Figure 4.1: Schematic of bulk gels compression setup (a), and representative force-displacement curve for 

alginate compression data to 10% strain (b). Two linear regions are shown, 1-4% and 8-10%, region 2 was 

used to calculate Young’s modulus. 
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When characterized 1-hour post fabrication, the average elastic moduli of 2% alginate gels 

ranged from ~5-20kPa (Figure 4.2a). For both Ba-  and Ca-alginate gels, elastic modulus increased 

with crosslinker concentration. For Ca-alginate hydrogels, the modulus ranged from 5-12kPa, and 

moduli of the Ba-alginate gels ranged from 7-20kPa. For the same concentration of crosslinker, 

hydrogels crosslinked with Ba2+ had a greater modulus than those crosslinked with Ca2+. Similarly, 

a greater concentration of Ca2+ is needed to achieve similar moduli for Ba-alginate gels. For 

example, in 2% alginate gels, a Ca2+ concentration of 10% was needed to equal the elastic modulus 

of those crosslinked with a 2% Ba2+ concentration (Figure 4.2a).  Ba-crosslinked alginate gels 

also appear to be more stable over time in culture. After incubation in medium for 24-hours, 

alginate crosslinked with either 2% Ba2+ exhibited a 12.6% reduction in elastic modulus, whereas 

those crosslinked with 2% Ca2+ experienced a 62.7% reduction in modulus (Figure 4.2b). 

 

Figure 4.2: Elastic moduli of 2% alginate hydrogels at 1 hour (a) and 24 hours (b) in media, crosslinked with 

2% BaCl2 or 2% CaCl2, illustrating moduli increases with crosslinker concentration and Ba
2+ 

crosslinked 

gels exhibit grater mechanical stability in culture. (n=6, all groups).  
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The stress relaxation data generated for Ca-alginate and Ba-alginate hydrogels are 

summarized in Table 4.1 and a representative plot is shown in Figure 4.3. The t1/2 value, or half 

relaxation time, for alginate gels ranged from 1.07-2.09s for those crosslinked with Ba2+, and from 

1.30-2.61 for Ca2+-crosslinked gels. The t1/2 increased with decreasing concentrations of 

crosslinker, and increasing concentrations of alginate. Relaxation in gels crosslinked with Ba2+ 

occurred significantly faster than those crosslinked by Ca2+, for the same crosslinker concentration. 

 
Figure 4.3: Representative stress relaxation curve for alginate compression data. 

 

Table 4.1 Stress relaxation summary. 
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4.3.2 Permeability and pore size 

Plots of tracer vs time and the associated diffusion coefficients, shown in Figure 4.4a, all 

had strong linear fits for the times sampled. The 2% alginate gels crosslinked with 2% Ca2+ 

exhibited significantly greater (faster) diffusion than all other gels tested (Figure 4.4b). Based on 

the empirically determined diffusion coefficients, we estimated the average pore size of the 

alginate hydrogels to range from 10.5-14.4 nm.  

 

Figure 4.4: Plot of tracer in media vs time for alginate gels (a), and the corresponding diffusion coefficients 

(b). (n=3, all groups).  

4.3.3 Swelling 

The relative change in mass of 2% alginate 2/10% CaCl2, 2% BaCl2, and 1.5% alginate 

10% CaCl2 were recorded over 3 hours in both saline and DMEM. All hydrogels within saline 

were continuing to lose mass after 3 hours, except for the 2% alginate 2% CaCl2 gels, which 

appeared to swell (Figure 4.5a). Similar phenomena appeared to occur within DMEM, however, 

the hydrogels appeared to stabilize after an initial period of changing mass (Figure 4.5b), with 

less overall weight changes. 
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4.3.4 Compression of microbeads 

A laser beam diameter of 175 µm produced alginate beads with approximate diameters of 

350 µm and heights of 200 µm (Figure 4.6a).  A previous laser-fabrication study showed that 

these microbead dimensions are subject to a standard deviation of approximately 10% [49].  

Herein, we demonstrate LDW’s ability to create an array of alginate microbeads of similar size 

(Figure 4.6a). 

 

 
Figure 4.5: Swelling data, representative as % change in mass with time of alginate gels in either NaCl (a) or 

media (b). (n=3, all groups).  

 

12x12 arrays of alginate microbeads made with 2% calcium chloride were compressed a 

distance of 75 µm, at different speeds of 1, 3, 25, 60, and 75 µm s-1. Compressive forces as a 

function of displacement (Figure 4.6 b-c) were obtained and the predetermined section of the 

converted data was fit to Hertz theory (Figure 4.6d). The data were well-described by Hertz 
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theory, as indicated by a high correlation coefficient between experimental data and the model 

equation (e.g., 0.97 in representative data shown in Figure 4.6d). All samples showed similarly 

high correlation coefficients. The Young’s moduli of the microbeads, determined using Hertz 

theory, demonstrated a strain-rate sensitivity, such that larger moduli were observed at faster 

compression speeds:  6.1 ± 4.1 kPa at 1 µm s-1 and 40.2 ± 8.2 kPa at 75 µm s-1 (Figure 4.7a). 

 
Figure 4.6: Representative image of part of an alginate microbead array (a). Schematic of compression of an 

array of alginate microbeads (b), an example of experimental force- deformation curve for a 12x12 array of 

alginate microbeads (c), and fitting compression data to Hertz Theory (d).  

 

Microbeads made with 10% calcium chloride exhibited a higher mean modulus (216.7 ± 

145.3 kPa) compared to those made with 2% calcium chloride (36.0 ± 3.5 kPa) (Figure 4.7b). 

Microbeads fabricated with 2% barium chloride exhibited moduli of 204.1 ± 55.8 kPa, similar to  

the 10% calcium chloride microbeads; findings which are analogous to our observations in bulk 

fabricated gels. The alginate beads crosslinked with 10% barium chloride showed the greatest 

Young’s modulus (338.2 ± 45.8 kPa).  
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Figure 4.7: Calculated microbead Young’s modulus as a function of compression speed for the alginate 

microbeads made with 2% calcium chloride (a). Young’s modulus of alginate microbeads made with different 

concentrations of CaCl2. (12x12 microbead arrays, n=4 for all groups).  

4.4 Discussion 

The goals of this study was to (i) characterize the mechanical properties of microbeads 

using a commercially-available materials testing system, and (ii) investigate how the material 

properties of compare between microbeads and bulk gels, for the same gel formulation. To this 

end, we utilized parallel plate compression to characterize the mechanical properties of bulk 

alginate gels, and compared them to the properties of alginate microbeads characterized by the 

same compression technique. Bulk alginate hydrogels casted in PDMS molds via external gelation 

with BaCl2 or CaCl2, exhibited elastic modulus values ranging from 4-25kPa. The modulus was 

directly proportional to the concentration of the divalent cation, and gels cast with BaCl2 had 

greater moduli than those cast with CaCl2 , for the same concentration. These trends are supported 

by previously published results that showed elastic moduli to be sensitive to the type of cation and 

its concentration [102], [166]. In this study, we also analyzed the effects of aging the hydrogels in 

cell culture media. It was observed that Ca-alginate gels had a greater reduction of modulus when 

compared to Ba-alginate gels after 24 hours. This is likely because alginate has been shown to 

have a greater affinity for Ba2+ than Ca2+ [167], [168].  

Similar to elastic modulus, stress relaxation behavior has been shown to play an important 

role in influencing cellular behavior and mechanotransduction [154], [155].  When analyzing stress 
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relaxation behavior in gels, the t1/2 was primarily used as a measure of relaxation. The relaxation 

time, as measured by t1/2, was found to change as a function of alginate concentration, divalent 

cation, and crosslinker concentration. An alginate gel’s relaxation time appeared to decrease with 

decreasing amounts of alginate and increasing amount of crosslinker. This result suggests that less 

alginate and higher crosslinking densities lead to a greater viscoelastic response in alginate gels, 

as evidenced by a faster relaxation. Conversely, gels with a greater alginate concentration and 

lower relative concentrations of crosslinker, relax more slowly, and thus exhibit a smaller viscous 

component.   

To analyze the elastic modulus of microbeads, the same testing rig and load cell was used 

as with the bulk alginate gels. Laser direct-write, which grants one-step fabrication and patterning 

of alginate beads, allowed us to produce arrays of alginate beads onto glass coverslips at a rate of 

1Hz. By using microbead arrays, force-deformation data can be resolved without the use of a μN-

scale load cell. Hertz theory could then be employed to derive an elastic modulus from these data, 

to obtain approximations for individual microbead moduli. Hertz theory has been previously 

utilized to analyze single alginate microbeads, but never before with large patterned arrays of beads 

[169].  

Compressing beads at an increased speed showed an increase in modulus. The increase is 

expected in a viscoelastic material, as lower compression speeds will allow for more water loss 

during compression than those at higher compression speeds, which results in a larger degree of 

force relaxation during the ramp phase, and a reduced resistance to compression from the viscous 

component of the hydrogel [170]. These time-dependent effects have been shown to be 

minimalized at compression speeds of 600 um/s or greater [171]. In the present study, we applied 

a slower rate that reflected the way bulk hydrogels were analyzed. The moduli values for 
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microbeads mechanically tested were all within the kPa range, similar to previous single bead 

experiments [169]. Like the bulk hydrogels, the microbeads were sensitive to the concentration of 

the divalent cation used to crosslink the alginate. While microbeads followed the same overall 

trends as bulk gels, there appeared to be a difference in the modulus between microbeads and bulk 

gels of the same concentration, with microbeads displaying a greater stiffness. This could be due 

to the model used for microbeads, or a difference in the microbead properties themselves. Because 

the beads have a much different surface area to volume ratio than the bulk gels, there is likely an 

increase in crosslinking density within beads. This result has been seen in previous work where 

single microbeads were analyzed using microcompression, and seen to have moduli greater than 

analogous bulk gels [172]. Furthermore, it is likely that beads have a degree of mechanical 

heterogeneity. This may be caused by crosslinking at the bead exterior occurring at a greater rate 

than the interior, resulting in a greater localization of alginate towards the microbead periphery. 

These regional mechanical differences cannot be discerned by the microcompression technique 

used herein. Therefore, additional characterization techniques, able to appreciate the spatial 

variation in material properties (e.g., digital image correlation, elastography), would need to be 

employed to detect these potential mechanical heterogeneities. 

In conclusion, we demonstrated a novel method to examine the mechanical properties of 

alginate microbeads. By leveraging the spatial control of LDW microbead fabrication, we were 

able to create microbead arrays that to mechanically characterize microbeads using fairly standard 

materials testing equipment. As such, laser direct-write fabrication of precisely-ordered microbead 

arrays enables a higher degree of flexibility in the methods used to mechanically characterize 

microbeads.  Further, laser-fabricated microbeads yield Young’s moduli trends that compare 

favorably to microbeads made from other fabrication processes.  Future application of this laser 
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direct-write fabrication and subsequent array micro-compression includes in-depth mechanical 

analysis of microbeads and microcapsules with tunable properties. In addition, future work will 

extend the experiments performed only within only the bulk gels (i.e., stress relaxation, diffusion, 

and swelling) to microbeads to determine how these properties compare between beads and bulk 

gels, similar to the moduli comparisons performed here. Lastly, it is important to study how cells 

sense the mechanical properties within alginate microbeads, and whether these matrix cues vary 

regionally within the bead (e.g., are cells at the bottom of beads sensing a combination of substrate 

and microbead mechanical properties).  

4.5 Conclusions 

Within this study, we set out to mechanically characterize alginate microbeads fabricated 

with LDW and determine our ability to manipulate the resultant properties through manipulation 

of the alginate concentration, divalent cation, and divalent cation concentration. Furthermore, we 

sought to determine how their measured properties compared to bulk fabricated gels, which are 

commonly used as characterization analogs. We found that we could tune the properties of alginate 

beads over a large range, by manipulating the parameters involved in gel fabrication. Furthermore, 

the elastic moduli of microbeads were consistently larger than their bulk-fabricated analogs, 

however both methods appeared to maintain the overall trends, which may be all that is necessary 

for a relevant experiment. Further studies will aim to utilize this same approach for characterize 

the mechanical properties of microcapsules generated in a similar manner.  
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5 Microcapsules and 3D customizable shelled microenvironments 

from laser direct-written microbeads4 

5.1 Introduction 

 Many state-of-the-art applications in tissue engineering and in vitro diagnostics employ 

encapsulation and printing technologies, often based on the use of hydrogels [173]. However, 

conventional bulk hydrogel encapsulation suffers from limited nutrient and waste exchange [174], 

as well as poor spatial control of hydrogel constituents and payload [173].  Unfavorable hydrogel 

diffusion kinetics can lead to necrosis of encapsulated cells, once the thickness exceeds the 

diffusion limit of the hydrogel [175].  To address these diffusion and mass transport limitations, 

microbead geometries are often utilized for culturing cells.  While these hydrogel microbeads 

provide a 3D cellular environment, with the favorable surface-to-volume ratio of a spherical 

geometry, the lack of spatial control limits the study of localized signaling, complex 

microenvironments, and directional cellular interactions. Recently, we have demonstrated a 

method to fabricate and pattern microbeads in a single step [49], enabling spatial patterning of 

size-controlled microbeads (discussed in Chapter 3).  

Despite the geometric advantages of microbeads, approaches utilizing hydrogels such as 

alginate do not allow normal cell proliferation and growth, as would be seen in native (or natural) 

extracellular matrix (ECM). This change in cell functionality can be attributed to the absence of 

many key features of the native ECM, such as cell attachment sites, macroporosity, and enzymes 

necessary for matrix degradation. While prior studies have modified the hydrogel matrix by adding 

                                                 

This chapter previously appeared as: D. M. Kingsley, A. D. Dias, D. T. Corr, “Microcapsules 

and 3D customizable shelled microenvironments from laser direct-written microbeads,” 

Biotech and Bioeng, vol. 133, no. 10, p 2264-2274, Oct. 2016. 4 
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select ECM components to produce hydrogel blends (e.g., [176]), or grafting cell binding 

sequences (e.g., RGD) to enhance cell function (e.g., [177]), other work further processes 

microbeads into hollow microcapsules to provide 3D environments to allow cell-cell contact 

without limiting cell functionality. 

Microcapsules are hollow microstructures, consisting of a semipermeable shell 

surrounding an aqueous core [178]. In contrast to microbeads, cells encapsulated in microcapsules 

grow and proliferate on the interior shell surface [179], and must produce matrix and/or self-

assemble into aggregates to grow in 3D [180]. Typically, microcapsules are fabricated through the 

processing of microbeads, by coating charged hydrogel microbeads with a polymer of opposite 

charge [181] (e.g., a negatively charged alginate microbead and positively charged poly-l-lysine 

(PLL) or chitosan). This process forms a shell in a phenomenon known as polyelectrolyte 

complexation [182], [183]. The interior of the bead can then be solubilized by using a reverse 

crosslinking agent [183].  The resulting structure is a hollow shell retaining the microbead payload.  

Microcapsules have been characterized [184], [185] and utilized for numerous in vitro applications 

[103], [186]. 

However, current microbead/microcapsule fabrication approaches are limited due to their lack of 

control over bead, and thus microcapsule, spatial position.  As such, these techniques cannot 

control microcapsule patterning to prescribe and study modes of cellular signaling (i.e., juxtacrine, 

paracrine). It would also be beneficial if the bio-payload could be localized, so that cellular 

heterogeneity and geometric complexity could be introduced into core-shelled microstructures.  

Herein, we demonstrate the ability to process laser-fabricated and patterned alginate 

microbeads into either alginate-chitosan or alginate-PLL microcapsules. Capsules maintained a 

viable cellular payload (e.g., MDA-MB-231 cancer cells), and maintain initial pattern fidelity. We 
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further show that microbeads can be patterned in partially overlapping arrangements to create 

continuous 3D structures (e.g., microstrands, bifurcations, and rings). These structures were 

processed with either chitosan or PLL to produce 3D shelled microstructures, of user-defined 

geometry. As such, the geometry, composition, and size of these microstructures were prescribed 

at the level of individual microbeads, which were used as volume pixels (voxels). This enables the 

creation of continuous, hollow 3D microenvironments in which the initial position of the 

biopayload, including cells of various types and other biologics (e.g., proteins, growth factors), is 

controlled, and the structure is allowed to evolve with time.  Such compositional and positional 

control offers the placement of macroporosity (i.e., large pores allowing cell migration and 

proliferation, in contrast with the microporous structure of hydrogels that only allow diffusion).  

Other benefits of this approach include unrestricted cell growth, structural evolution, and spatial 

precision of construct payload, unrealized by traditional tissue engineering and biofabrication 

techniques.   

5.2 Materials and methods 

5.2.1 Cell culture – MDA-MB-231 and fibroblasts 

GFP-labeled MDA-MB-231-gfp (M231) human breast cancer cells (ATCC, Manassas, 

VA) were grown in standard cell culture conditions (37 °C, 5% CO2, 95% RH) in growth medium 

consisting of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal 

bovine serum (FBS), 100 U/ml penicillin/streptomycin, and 2 mM L-glutamine. Normal human 

lung fibroblasts (Lonza) labeled using RFP lenti-viral transfection, were cultured in DMEM 

supplemented with 10% (v/v) FBS and 100 U/ml penicillin/streptomycin.  
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5.2.2. Laser-based microbead fabrication 

  

Figure 5.1: Schematic depicting (a-b) microbead fabrication and (c-d) formation of hollow capsules or hollow 

microstrands. Microbeads are fabricated (a) using LDW to deposit alginate into (b) a calcium-

chloride/gelatin layer, and (c) subsequent polyelectrolyte complex formation coats the alginate microbeads 

with PLL or chitosan. (d) The alginate is then solubilized to form a hollow structure with precise spatial 

location and geometry. 

 

As discussed in Chapter 3, we previously describe a method of single-step laser-based 

alginate microbead fabrication and patterning [49]. Briefly, a LDW system [4] is utilized, 

consisting of a pulsed excimer laser source with beam delivery optics, and two parallel stages, the 

top being the print ribbon stage, and the bottom the receiving substrate (Figure 5.1). The ribbon 

is a UV-transparent quartz disk (Edmund Optics, Barrington, NJ) with the underside coated with 

a thin sacrificial layer and the transfer material. In this study, a spin-coated thin film of 10% 

gelatin/2% alginate served as the sacrificial layer, and cells suspended in 2% alginate comprised 

the transfer material. To prepare the receiving substrate, a Petri dish was spin-coated with a thin 

layer of 10% gelatin and 2% calcium chloride (CaCl2), and washed with 2% calcium chloride. A 

microbead is fabricated by a single pulse from an ArF excimer laser (Teosys LLC, Crofton, MD; 

λ=193 nm) that volatilizes the sacrificial layer on the ribbon, ejecting a droplet of transfer material 

to the receiving substrate (Figure 5.1a). During printing, the gelatin on the substrate provides a 
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thin viscous layer to cushion and immobilize the transfer material, whereas the Ca2+ rapidly 

crosslinks with alginate, encapsulating the cellular payload in an immobilized, size-controlled 3D 

microbead.  

After bead deposition, the independent x-y Computer-Aided Design/Computer-Aided 

Manufacturing (CAD-CAM)-controlled motorized stages moved to the next target spot for 

additional bead deposition. Upon completing the transfer pattern, the receiving dish containing the 

cell-loaded alginate microbeads was incubated for 10 minutes.  

5.2.3. Processing microbeads to chitosan- and PLL- shelled microcapsules 

 Two slightly different methods were used for creating PLL or chitosan microcapsules, 

based on previously established methods [140] (schematically represented in Figure 5.1). All 

washes were 1 ml for 10-cm-diameter Petri dishes, regardless of the number of patterns per dish. 

To create PLL microcapsules, after the fabrication of alginate beads, the receiving substrate was 

washed once with 300 mM mannitol/25 mM HEPES to remove calcium chloride solution, then 

incubated with 0.1% (w/v) PLL solution/300 mM mannitol/25 mM HEPES while rocking for 5 

minutes to allow for polyelectrolyte complexation between the polyanionic alginate beads and 

polycationic PLL. Dishes were washed once again with 300 mM mannitol/25 mM HEPES, to 

remove the complexing agent, and then washed with 0.15% alginate/0.85% NaCl to provide 

additional stabilization. To liquefy the bead cores, 1.6% (w/v) sodium citrate solution was added 

to dishes for 2 minutes to chelate the calcium crosslinking the alginate. The sodium citrate was 

removed with a wash (300 mM mannitol/25 mM HEPES).  The resulting 3D microcapsules have 

cells in a liquid core that is contained by the alginate and PLL-complexed shells.  Following 

fabrication, fresh media was added, and the printed capsules were maintained in culture. 
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 Similar to the PLL process, to fabricate chitosan microcapsules, microbeads were 

incubated for 1 hour after transfer. Media was removed, and capsules were washed thrice with 

0.85% NaCl. Beads were incubated in 0.5% chitosan for 7 minutes with rocking, to create the 

alginate-chitosan shell complex around the bead, then washed again with 0.85% NaCl to removed 

excess chitosan, and incubated for 2 minutes in sodium citrate to liquefy the cores. Finally the 

citrate was removed, and replaced with culture media for the M231 cells. 

5.2.4 PLL and chitosan microcapsule pattern fidelity 

 Pattern registry of microbeads and microcapsules was analyzed using ImageJ [187]. 

Images were modified for analysis using the processes “enhance contrast”, and then converted to 

binary. The “fill hole” function was then applied (if necessary, “dilation” and “close” functions 

were also used) resulting in the final image being black masks of the microbead or microcapsule 

with a white background. Finally, the “analyze particle” tool was used to determine coordinates of 

the centroid for each of the masked positions. Changes in relative distance between centroids were 

used to determine pattern fidelity.   

5.2.5 PLL and chitosan microcapsule viability assay 

 Cell viability within PLL and chitosan microcapsules was determined using a Live-Dead 

Staining Kit (Enzo Life Sciences, Farmingdale, NY), following manufacturer’s directions. 

Viability was assessed at 1 hour, 3 days, and 5 days after capsule fabrication; live cells stain green 

and dead cells (cells with compromised membranes) stain red.  

 Multichannel fluorescent and phase-contrast imaging was performed using a Zeiss Z1 

microscope with Axiovision software (Carl Zeiss, Thornwood, NY). Live-dead imaging was 

performed on 3x4 microcapsule arrays. The numbers of red and green cells in each channel were 
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counted separately, and the average cell viability was calculated at each timepoint as an overall 

percentage. 

5.2.6 Statistical analysis 

 Viability scores for each condition and time were based upon the average of three 

independent 3x4 microcapsule arrays. Sample means were compared using one-way analysis of 

variance (ANOVA), and Tukey’s Honestly Significant Difference post hoc test with R Statistical 

Software [188], to identify any significant differences. Differences in which p < 0.05 were 

considered statistically significant. 

5.2.7 Microstrand and complex geometry fabrication 

 Microstrands utilize the same setup as previously described for microcapsules. To start, 

microbeads were printed in partially-overlapping fashion, in custom pattern geometries, to create 

a continuous 3D hydrogel structure.  This entire structure was then shelled with a polymer (e.g., 

PLL or chitosan), and the core was liquefied via chelation, as previously described for 

microcapsules.  This resulted in a continuous hollow structure, in which the cells (or other 

biopayload) were in an aqueous core, constrained by the solid polymeric shells. 

5.2.8 Confocal imaging of microcapsules 

  To visualize the 3D structure of cellular aggregates within chitosan microcapsules, 

alginate beads were printed to 30mm coverslips and processed to microcapsules as previously 

described. Cells were allowed to grow for 7-days within the microcapsule, then the microcapsule 

samples were washed twice with DPBS and fixed with 4% Paraformaldehyde, followed by two 

additional DPBS washes. To visualize nuclei, cells were incubated with 0.1 µg/mL DAPI (4’,6-

diamidino-2-phenylindole) solution for 5 min, and washed again with PBS. Samples were stored 
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in PBS at 4°C until imaging.  Confocal imaging was performed with a Zeiss LSM510 META-

NLO laser scanning microscope system (Albany, NY). Images were acquired with a 63X oil 

immersion lens. To visualize the 3D cellular aggregate within a microcapsule, vertical sections 

were taken with the z-stack function to produce an overall 3-D rendering. 

 

5.3 Results 

5.3.1 Patterned microcapsule fabrication and characterization 

 Laser direct-written microbeads were successfully processed into microcapsules with both 

PLL and chitosan coatings. Proliferating cells were observed in both types of microcapsules over 

a 7-day period (Figure 5.2). By day 7, cells had proliferated to fill the microcapsules, in both PLL 

and chitosan microcapsules. There were observable differences in morphology between cells 

grown inside PLL and chitosan capsules: cells in the PLL microcapsules adopted a more spread 

morphology, while those within chitosan capsules exhibited little to no spreading, appearing 

morphologically spherical. Additionally, it appears that microcapsules made from PLL shrunk in 

size, compared to that of the original bead. 

Table 5.1 Effect of polyelectrolyte coating procedure on average bead-to-bead spacing. 

 

*All patterns (n=3) consist of 12 beads printed in programmed 3 x 4 arrays with 600-um spacing. Bead-to-bead 

spacing and position measurements are determined from the centroid-to-centroid distance of beads within each 

printed array, and then pooled for statistical analysis. Error is one standard deviation. 

 



 83 

 Next, we examined the structure of cellular aggregates within microcapsules after 7-days 

of growth. The aggregates exhibited cells present in multiple vertical planes, suggesting a 3D 

structure within the microcapsule. We further confirmed the 3D structure with z-stack confocal 

imaging. For example, an orthogonal view of DAPI stained GFP-expressing M231 cells within a 

microcapsule shows the cellular aggregate at 7 days of growth is spheroidal in shape, and 

approximately 80 µm in the z-direction (Figure 5.3).  

 
Figure 5.2: Representative phase contrast images of PLL- and chitosan-coated microcapsules with M231 cell 

growth over 7 days. M231 cells in single PLL-coated microcapsules (a) immediately after capsule formation, 

(b) 1 day after capsule formation, (c) 3 days after capsule formation, and (d) 7 days after capsule formation. 

M231 cells in single chitosan-coated microcapsules (e) immediately after capsule formation, (f) 1 day after 

capsule formation, (g) 3 days after capsule formation, and (h) 7 days after capsule formation. Scale bars are 

200 µm. 

 
Figure 5.3: Confocal image of a representative cell-loaded microcapsule at 7-days, illustrating the formation 

of a 3D cellular aggregate within the chitosan shell. GFP-transfected MDA-MB-231 cells (green) with DAPI-

stained nuclei (blue); scale bar equals 30 µm. 
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5.3.2 Microcapsule pattern fidelity 

 The pattern fidelity before and after the application of the polycationic coating (PLL or 

chitosan) was analyzed to determine if the coating procedure significantly disrupted the print 

pattern. Microbead arrays with controlled spacing were fabricated according to a program that 

prescribed 600-µm centroid-to-centroid spacing (Figure 5.4). Image analysis showed that the 

average spacing between centroids of fabricated beads was 608.3  ± 15.8 µm (Table 5.1). When 

further processed into hollow microcapsules, by polymeric coating and subsequent chelation, the 

relative centroid-to-centroid distance changed by 9.7 ± 3.7 µm (1.6 ± 0.6%) for PLL, and 7.1 ± 

2.6 µm (1.2 ± 0.4) for chitosan.  

5.3.3 Cell viability in PLL and chitosan microcapsules 

 

Figure 5.4: 3 x 4 array of (a-b) PLL-coated and (c-d) chitosan-coated microcapsule (a,c) immediately after 

capsule formation and (b,d) 5 days after capsule formation. Scale bars are 500 µm. 
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Short-term (1h) and longer-term (3d, 5d) cell viability was assessed within chitosan and 

PLL capsules to identify any differences in viability due to the coating procedures or the material 

of the shell coating. Cell viability within PLL and Chitosan capsules was reported 1 hour, 3 days, 

and 5 days after processing (Figure 5.5). ANOVA revealed that the average number of living cells 

increased with time for both coatings, and was higher in chitosan capsules than PLL (p < 0.01).  

There was no evidence of a time-coating interaction influence on viability. Tukey HSD identified 

that chitosan capsules had an average viability 16.3% higher than that of PLL, with significantly 

greater viability than PLL capsules at each time point.  

 

Figure 5.5: Viability comparison of M231 cells in chitosan- and PLL-shelled microcapsules, over a 5-day time 

course. (a) Bar graph depiction of mean values ` standard deviation, (b) image set of time course with 

corresponding mean viability (green indicates living cells, while red indicates dead cells). 
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5.3.4 Microstrand fabrication 

 Long, hollow, microstrands were successfully fabricated by rapidly printing overlapping 

beads, then applying either chitosan or PLL, and liquefying the core using the calcium chelator 

sodium citrate. The result appeared to be a continuous tubular structure, or microstrand, which 

constrained cell migration within the strand volume. Alginate-chitosan microstrands were initially 

loaded with only M231 cells, which appeared to completely fill strands over 7 days (Figure 5.6). 

M231 cells again did not appear to spread as they attach to chitosan-coated microenvironments, 

and remain in a spherical morphology. Some rupturing of microstrands was observed.  

M231/fibroblast microstrand co-cultures were also fabricated to demonstrate the spatial 

control of the cellular payload within these continuous hollow structures.  Custom microstrands 

were created in which the initial composition was spatially prescribed, using two separate 

configurations:  (i) one half of the strand containing M231 cells, and the other containing 

fibroblasts (Figure 5.7a); and (ii) the strand compositionally broken into thirds, with fibroblasts 

in the central third, and M231 cells at either end (Figure 5.7b), illustrating the ability to control or 

prescribe spatial heterogeneity within hollow microstrands.  
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Figure 5.6: (a) Schematic for microstrand formation by serial deposition of microbeads and subsequent 

processing with polymer and calcium chelator. Representative images of chitosan- microstrands, (b) 

immediately after printing, (c) after chitosan coating and calcium chelation resulting in a continuous strand, 

(d) 3 days in culture, and (e) 9 days in culture (when cells completely fill strand). Scale bars are 500 m.  

5.3.5 Additional complex strand geometries 

 Custom programs were written to create more complex geometries using bead-by-bead 

microstrand fabrication. A bifurcated strand was successfully fabricated and filled with 

proliferating cells over a time period of 7 days (Figure 5.8). Further, circular ring microstructures 

were also created to demonstrate the ability to fabricate a closed, continuous structure (Figure 
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5.8). Cell growth and proliferation were continuous within the structure, suggesting maintained 

continuity of the hollow environment.  

 
Figure 5.7: Co-cultured cells within continuous chitosan-shelled microstrands, with different prescribed 

spatial composition. Heterogeneous microstrands of RFP fibroblasts (red) and GFP M231 (green) cells were 

created with three different spatial configurations: (a–b) microstrand with fibroblasts in one half, and M231 

cells in the other at (a) day 0 and (b) day 5, resulting in segregated cell populations with a single interface 

between the two cell types; (c–d) microstrand with RFP fibroblasts in the central third of strand, and M231 

cells in either end, such that there are two fibroblast-M231 interfaces between the distinct cell types, (c) 

shown immediately after creation and (d) after 1 day of culture; and (e) a microstrand in which the both cell 

types were printed without spatial control of the individual cell types, resulting in a more random cell 

distribution within the strand. Scale bars are 200 m.  

5.4 Discussion 

 Bottom-up tissue engineering techniques, such as bioprinting and microfabrication, offer 

control of cellular placement within a construct. However, most bottom-up approaches utilize 

hydrogels as a support matrix, where the cells must break down the hydrogel, and proliferation 

may take a much longer time, often up to months [189]. In this study, we have shown the capability 

of LDW-patterned microbeads to be processed into hollow microcapsules and complex 

microstrands, with defined payload geometry and localization. The cores of these constructs are 

aqueous, allowing cell-cell contract, rapid cellular proliferation and 3D aggregation - filling the 
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structures within a week. We used PLL and chitosan to demonstrate the capability of creating a 

polymer shell around a custom printed construct, essentially “printing macroporosity” using this 

method.  

 

 

Figure 5.8: Representative images of alternate geometries for shelled microstructures by serial deposition and 

processing of microbeads. (a–b) Circle and (c–d) bifurcation chitosan-coated structures (a,c) immediately 

after structure formation and (b,d) after 10 days in culture. Scale bars are 500 m.  

 

While microcapsules have been fabricated from PLL or chitosan in previous literature, 

never before have they been patterned onto a surface with precise size and spatial control, nor with 

single-bead resolution. Control over capsule size and placement follows from control over 
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microbead size and localization, previously reported to be controllable within 8% and 2%, 

respectively, by LDW [49]. Size-controlled depots of high cellularity may enable the creation of 

in vitro models of clustered cells, with defined localized delivery, or immobilized cellular nodes 

within a construct, potentially with multiple cell types. In this study, we found that initially 

patterned microbeads have placement controllable within 2% (agreeing with previous results [49]), 

and further processing into microcapsules increases this placement variability by approximately 

1-1.5%.  The increased variability could be due to minor changes in the shape and/or size of the 

microcapsule after coating, causing a slight shift in the location of the centroid. 

 To demonstrate versatility of this method, PLL and chitosan were employed as polymeric 

coatings, because they represent two common materials utilized in tissue engineering. While both 

materials successfully formed continuous shell coatings, cell viability was higher in chitosan 

microcapsules, suggesting that it may produce more rapid filling of the hollow construct, and may 

be superior to PLL when a rapid turnaround is desired. Additionally, there appeared to be 

morphological differences in M231 cells grown within shelled microenvironments of the two 

materials.  Cells grown within the chitosan shell exhibited a more rounded morphology compared 

to those within the PLL environment. This suggests that even though the polycation is on the outer 

surface of the shell, there is a degree of penetration and exposure of charged residues with which 

the cells can interact, potentially making one coating more advantageous for adherent cells. 

Conversely, there may be a benefit to modifying the interior surface chemistry of microcapsules. 

One way this might be achieved is by conjugating peptide sequences (e.g., RGD motif) to the 

alginate, so that these binding sites are exposed on the interior surface on the capsule.  

We leveraged the precise microbead patterning ability of LDW to print size-controlled 

microbeads, in overlapping fashion, to create continuous hollow 3D structures.  The integrity of 



 91 

these structures was maintained throughout the shelling process, enabling creation of cell-laden 

hollow geometries that are unachievable by other conventional fabrication techniques. Some of 

these structures had observable leaking that was attributed to osmotic stress. In other cases, leaking 

occurred after a period of culture where cells were able to exert sufficient force to disrupt the 

capsule structure. Encapsulated cells were able to grow in all parts of these aqueous-shelled 

structures, showing the continuity of the internal environment, and the absence of any occlusions. 

Further, these structures could be loaded with multiple cell types at desired locations, which can 

be applied in the future to perform complex co-culture or migratory studies. This spatial control 

enables specification of the interface at which different cell types interact in heterotypic co-culture, 

with the added benefit of a 3D microenvironment.  Spatial complexity can be prescribed by 

including different biopayloads in microbead voxels along the structure, potentially allowing 

recapitulation of some aspects of in vivo complexity, all of which is not easily achievable by other 

technologies. 

While continuous microstrands have been previously created using molds and continuous-

flow electrostatic bead generators [190], [191], these techniques do not provide control over the 

location of suspended constituents. Microfluidic techniques are also able to load multiple cell types 

in channels, but flow-based techniques would face great difficulty when attempting to localize 

different cell types within a complex structure. This challenge is easily overcome using LDW.  By 

processing LDW-printed overlapping alginate bead patterns into continuous hollow structures, one 

end of a microstrand, or fork of a bifurcation, could have a different prescribed cellular 

composition than the other, with defined spatial locations of both cell types at any point in the 

structure. Furthermore, LDW printing of cell-containing alginate voxels could be used to create 

channels within gel systems. These alginate voxels could be liquefied with a calcium chelator to 
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create a cell-lined channel, and flow could be introduced using microperfusion, to allow the 

influence of flow to be studied in a system in which the cells type(s) and initial location are 

prescribed. 

There are many applications that could leverage this ability to produce geometrically 

customizable shelled-aqueous environments, with micron-level fabrication resolution, such as 3D 

tubular cell migration studies, creating cellular gradients in defined geometries, and in vitro tissue 

models with complex cell-cell interactions. Individual microcapsules have recently been 

investigated for building tumor models in vitro that could be used for drug screening and other 

medical diagnostic tests [77], [192], [193]. Tumor cells grown within microcapsules have shown 

the ability to aggregate and self-assemble to form 3D structures [194]. Since cells grown in 

capsules have a drug response closer to that of an in vivo tumor than do those grown in 2D [180], 

the patterning capabilities afforded by LDW may further lead to improved 3D cancer models. With 

the added ability to pattern microcapsules while controlling their contents, new models can be 

created where capsules of different cell types of the tumor (e.g., stromal cells and cancer cells) are 

placed within defined proximity, or encapsulated together, to allow independent control of the 

mode of cellular signaling (i.e., paracrine or juxtracrine) within models.   

Continuous structures fabricated by this method have numerous applications in tissue 

engineering. The confined geometry of strands, rings and bifurcations, and unrestricted cell growth 

within, enables directional migration assays, trans-capsule assays, chirality studies, and fabrication 

of structurally relevant organoids. Shelled, multi-bead structures, such as strands and bifurcations 

of different sizes could be fabricated to encapsulate fibroblasts, endothelial, and smooth muscle 

cells to create blood vessel structures with functional lumens. Such structures could prove useful 

for in vivo applications in tissue engineering and drug delivery. Furthermore, this enabling 
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technology could potentially be applied to other polyelectrolyte materials, geometric structures, 

and cell types, providing a robust and versatile platform for tissue engineering research. 

5.5 Conclusion 

 We have developed a method for fabricating chitosan and poly-l-lysine microcapsules in 

precise patterns, by combining LDW with previously existing capsule fabrication techniques. Cells 

inside of microcapsules proliferate in the constrained geometry, producing their own matrix and 

aggregating in 3D to fill the entire volume. This fabrication technique was further adapted to create 

continuous hollow 3D structures, such as microstrands, bifurcations, and rings, in which the 

architecture and composition can be prescribed at the individual-microbead level.  Thus, 

heterogeneous structures can be created, with different cell types at specific locations. This was 

demonstrated using GFP-M231 cells and RFP-Fibroblasts, to highlight this technology’s 

capability to print cells at different initial positions in a constrained 3D geometry.  Such 

functionality can enable new model development for fundamental cell and cell-signaling studies. 

The ability to pattern and prescribe the constituents of single microcapsules, or of continuous 

hollow microstructures, provides potential to realize new in vitro tissue models. Further, this 

LDW-based fabrication technique is built on a CAD/CAM platform, allowing automation and 

scale-up of this technology to meet the demands of high-throughput applications. 
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6 Laser-based 3D bioprinting of advanced core-shelled 

microenvironments for formation of size-controlled tumor 

spheroids and embryoid bodies5 

6.1 Introduction 

3D bioprinting is a rapidly growing field for applications within tissue engineering, 

regenerative medicine, biosensing and in vitro diagnostics [195], [196]. Currently, much of 

bioprinting’s potential impact is within in vitro applications for producing sophisticated 

pathological models, and for the future applications as a diagnostic tool [197]–[199]. These types 

of applications side step the limitations of patient compatibility and cell sourcing. Of the various 

printing techniques, laser-based bioprinting has emerged as a powerful noncontact technique to 

enable high-resolution spatial patterning of biomaterials and cells. Laser-based bioprinting is a 

forward transfer technique that uses a pulsed laser to deposit material from a ‘print ribbon’ to a 

‘receiving substrate’. LDW falls in a class of bioprinting with other techniques, such as laser-

induced forward-transfer (LIFT), AFA-LIFT, and biological laser-printing BioLP. Laser-based 

printing techniques have the advantage of high-spatial resolution patterning as well as the ability 

to dispense small volumes, allowing them to work on smaller scales than other printing platforms, 

such as inkjet and extrusion techniques. Laser-based techniques have demonstrated their ability to 

print a variety of different structural architectures, with a multitude of natural and synthetic 

bioinks. Of these bioinks, alginate has stood out as an exceptional material for bioprinting. 

                                                 

Portions of this chapter have been submitted to: D. M. Kingsley, C. L. Roberge, L. Wang, M. 

Barroso, D. T. Corr, “Laser-based 3D bioprinting of core-shelled microenvironments for 

formation of size-controlled tumor spheroids and embryoid bodies,” submitted for 

publication. 5 
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Alginate is a polysaccharide derived from brown algae and has been demonstrated to be an 

excellent bioink for a variety of applications. There are several features that make alginate such an 

attractive ink for bioprinting applications. Alginate rapidly crosslinks in the presence of a divalent 

cation, allowing for the rapid formation of constructs spanning a range of mechanical stiffness. 

Furthermore, alginate can be resolved from a construct with a calcium sequestrate, such as sodium 

citrate, making it an ideal building block. Beyond its structural properties, alginate is 

biocompatible and inert to cells. However, this feature also presents a challenge to biomedical 

researchers, because cells lack the equipment to interact with the alginate itself. 

Cellular interaction with the matrix is a requirement for survival of many cells, and a key 

component for much of cellular functions including migration, proliferation, and apoptosis. Cell 

anchorage is typically mediated between the transmembrane receptors and matrix adhesion 

molecules that serve as ligands. The lack of these molecules within alginate is among the primary 

limitations of alginate as a material within biomedical applications. Some researchers have 

attempted to overcome this limitation by chemically modifying alginate with cell adhesions 

molecules, such as RGD. While this technique has been utilized to success by some researchers, 

others have taken an alternative route, by turning alginate structures, typically microbeads, into 

core-shelled constructs. 

Core-shelled structures, namely microcapsules, are structures consisting of an aqueous core 

and a polymeric shell. For biomedical applications, these structures are often produced by 

generating alginate microbeads (a polyanionic gel),  complexing the periphery of the bead with a 

polycation (e.g., chitosan, poly-L-lysine), and liquefying the interior [185], [200], [201]. This 

results in a shelled structure entrapping a biopayload that is encapsulated within the initial 

microbead. Core-shelled microcapsules have become a popular vehicle for encapsulating 
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aggregate-forming cells, such as stem cells, pancreatic islets, and tumor cells [179], [180], [192], 

[202], [203]. This system has some distinct advantages over traditional suspension culture in 

forming aggregates such as embryoid bodies, islets, and tumor spheroids. Core-shelled constructs 

have the potential benefit of controlling final aggregate size through manipulation of the core-

shelled structure dimensions, providing a tailorable microenvironment, and the application of static 

stress through confinement. 

While core-shelled microcapsules have been well studied, there has been limitations on the 

ability to pattern these constructs as well as to produce more sophisticated core-shelled geometries 

beyond spheres. Dr. Yubing Xie’s laboratory has demonstrated that electrostatic bead generators 

can be used to fabricate microstrands, through continuous extrusion of alginate into a Ca2+ bath, 

with a subsequent core shelling procedure [190], [191]. Other emerging work within this area 

utilizes electrodepositon to create core-shelled structures, and has shown great promise for 

producing more complex geometries with the use of custom fabricated electrodes [204], [205]. 

Despite these advances, there is limited work advancing core-shelled structures, due, in part, to the 

challenge of making complex alginate gel geometries at the micron scale. Previously, we have 

shown that alginate LDW can be used as a tool for single-step patterning of alginate microbeads 

(Chapter 3), and our ability to use these to produce core-shelled microcapsules (Chapter 5). Within 

this work, we utilize laser direct-write to pattern alginate microbeads that can be overlaid and 

processed into core-shelled geometries to form microcapsule arrays, microstrands, micromats, and 

microrings. Within these structures, aggregating and self-assembling cells, namely cancer cells 

and stem cells, are shown to survive with high viability, and self assemble to form 3D aggregates; 

tumor spheroids and embryoid bodies, respectively. We further demonstrate the unique ability of 

laser-direct write to fabricate and pattern microbeads encapsulating smaller microbeads, to 
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produce nested/embedded heterogeneous structures, with different cell types specified within each 

compartment. Overall, we show a LDW as a novel technique for producing advanced core-shelled 

structures for applications with aggregating cell types. 

6.2 Methods 

6.2.1 Materials 

For use as a transfer material, alginate was prepared as a solution of 2% (w/v) alginate 

(Sigma Aldrich, St. Louis, MO) and 0.9% (w/v) NaCl within cell culture grade dH2O. Solutions 

were subsequently filtered through a 0.8 and 0.2 um filter to ensure sterility. For use as a sacrificial 

layer, alginate was prepared as previously described, with addition of gelatin powder to produce a 

solution with 2% alginate-10% gelatin (w/v) respectively. Chitosan (Spectrum, New Brunswick, 

NJ), for use in the processing of alginate to core-shelled structures, was dissolved in glacial acetic 

acid, and neutralized to a pH of 6.2 and 0.5% (w/v).  

6.2.2 Cell maintenance 

GFP and RFP-labeled MDA-MB-231 human breast cancer cells (ATCC, Manassas, VA) 

were grown in standard cell culture conditions (37°C, 5% CO2, 95% RH) in growth medium 

consisting of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum, 100 U mL-1 penicillin/streptomycin, and 2mM L-glutamine.  

  CCE Mouse Embyronic Stem Cells (mESCs) (StemCell Technologies, Vancouver, BC, 

Canada) were grown in standard ES maintenance media with 15% fetal bovine serum, 1mM 

sodium pyruvate, 100 U mL-1 penicillin/streptomycin, 2 mM L-Glutamine, 0.1 mM MEM non-

essential amino acids, 10 ng mL-1 leukemia inhibitory factor (LIF), and 100 M monothioglycerol 
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in DMEM high glucose. Cell passaging occured between 2-3 days, using 0.1% trypsin/EDTA onto 

0.1% gelatin coated tissue cultured flasks as described [206].  

6.2.3 Laser-based bioprinting 

Single-step fabrication and patterning of alginate microbeads is described in detail from 

our previous work, and demonstrated in Figure 6.1 [12].  Briefly, the setup consists of an ArF 

excimer laser (Teosys LLC, Crofton MD) in series with a CAD/CAM controlled printing ribbon 

and receiving substrate. The print ‘ribbon’ is a UV transparent quartz disk (Edmond Optics, 

Barrington, NJ) with a thin, ‘sacrificial layer’ of alginate-gelatin, and a subsequent ‘transfer 

material’ of alginate suspending the biopayload. For cell experiments, the ribbon was loaded with 

a fixed cell density, ranging from 1 x 106 to 1 x 107 cells/mL. The receiving substrate in this 

application was either a glass bottom MaTek plate, or a Petri dish, with a thin spincoated film of 

gelatin and CaCl2.  

To “print a microbead”, a pulse from the ArF excimer laser (193nm) passes through a 

variable iris and then strikes the sacrificial layer on the UV-transparent quartz disk, ejecting a 

droplet of alginate from the transfer layer. As the droplet transfers to the receiving substrate, it 

takes on a spherical shape through the cohesion and surface tension, before it embeds in the gelatin 

film on the receiving substrate. Within the gelatin film the alginate droplet maintains its shape and 

is rapidly crosslinked in situ by the free calcium. The receiving substrate is then automatically 

moved to the next programmed position within the printed array, the ribbon is moved to a new 

location, and an addition bead is ejected. Upon the completion of microbead fabrication, constructs 

were crosslinked with 2% CaCl2 solution within the incubator for 15 minutes prior to the addition 

of cell culture solution. 
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Within this work, the printed arrays utilized were typically 5x5 arrays of alginate 

microbeads. To explore larger aggregates with more complex geometries, the spacing between 

patterned alginate spots was collapsed to print beads in overlapping fashion. As illustrated in 

Figure 6.1, to create a larger rectangular mat, a 5x5 array was printed with bead diameters twice 

the size of the between-bead distance between adjacent spots. A similar process was follwed to 

create a continuous line (to create a microstrand), as well as a rectangular box (to create a 

continuous ring), as shown in Figure 6.1b-c.  

 

 

Figure 6.1: Schematic of LDW (a), representative diagrams of desired geomtry (blue), programmed print 

arrays (red), and depiction of what the printed array would appear as (b), 3D view of patterned beads and 

their processing into core-shelled structures (c). 



 100 

6.2.4 Alginate-based structures to core-shelled constructs 

Prior to processing alginate microbeads and microstructures, fabricated constructs were 

given 1 hour in cell culture medium. Subsequently, these structures were washed thrice with 0.9% 

NaCl to remove any excess media from substrates. Next, a 0.5% chitosan solution was washed 

over the alginate structures for 7 minutes; during this time, the chitosan complexes to the periphery 

of the alginate structure, in a process known as polyelectrolyte complexation. After the chitosan 

treatment, 0.9% NaCl is washed thrice again used to remove excess solution. The shelled alginate 

structures were then washed with 0.1% sodium citrate solution (a calcium sequesterate), and 

incubated for 2 minutes to liqeufy their cores; producing a polymer-shelled microenvironment with 

a liquid core; termed a core-shelled strucutre. Excess sodium citrate was then removed, and the 

samples were washed with NaCl before cell culture medium was added to the construct.  

6.2.5 Cell viability analysis 

Analysis of cellular viability was performed using a Live-Dead Stainning Kit (Enzo Life 

Sciences, Farmingdale, NY), following the maufacturers stainning procedure. Multichannel 

fluorescent imaging was performed, in triplicate, on microcapsules and core-shelled constructs, 

using a Zeiss Z1 microscope and Axiovision software (Carl Zeiss, Thornwood, NY). The number 

of red and green cells were independently quantified, and the average viability was calculated as 

an overall percentage at each time point. 

6.2.6 Optical coherence tomography 

For structural assessment of laser-fabricated core-shelled structures, optical coherence 

tomography (OCT) was utilized. OCT imaging was performed using a spectral domain OCT 

system (TEL220C1; Thorlabs Inc.), having a maximum sensitivity of 101 dB, at an A-scan line 
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rate of 5.5 kHz. For all imaging, the 5.5 kHz rate (high sensitivity) was utilized, with each B-scan 

composed of 1024 A-scans. For structural assessment of printed constructs, the OCT probe was 

positioned orthogonally above the sample. Cellular aggregates contained within core-shelled 

structures were visualized and quantified using Imaris image analysis software (v9.2, Bitplane 

USA, Concord, MA). 

6.2.7 Structural quantification in Imaris 

Collected OCT data was then formatted and converted into data readable within Imaris. In 

Imaris, intensity thresholding was used to isolate the sample region within the OCT volume scan. 

Aggregate outlines were traced, slice-by-slice, and stitched together to recreate the volume of the 

sample. The volume within the image was then scaled according to the initial OCT scan, and Imaris 

computed the overall 3D volume of the object of interest, as well as the sphericity in the case of 

aggregates grown within microcapsules.  

6.2.8 Cell staining and confocal microscopy 

Core-shelled structures containning GFP-transfected MDA-MB-231 cells were allowed a 

14-day growth period within MaTek plates to completely fill the structure. Samples were then 

washed twice with DPBS and fixed with 4% Paraformaldeehyde, followed by two additional PBS 

washes. Cells were then incubated for 15 minutes with 0.1 µg/mL DAPI (4’,6-diamidino-2-

phenylindole) solution for nuclear visualization, and washed again with DPBS. Prepared samples 

were stored in DPBS until imaging. Confocal imaging was performed with a Zeiss LSM510 

META-NLO laser scanning microscope (Albany, NY). Images were acquired with 63x oil 

immersion lens.  
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6.2.9 Statistical analysis 

  All statistical analyses were performed within MATLAB (version R2016b, MathWorks, 

Inc.). Initial analyses utilized box-and-whisker plots to visulaize the data. One-way ANOVAs 

(using the built-in “anova1” function) were used to identify any differences in cell density, bead 

size, and overall aggregate volumes. Then, a multiple comparison test (using the built-in 

“multicompare” function) was utilized to determine which variables had significant effects on 

these values. In all cases, p < 0.05 for statistical significance. 

6.3 Results 

6.3.1 Ribbon density and printed bead characteristics 

The characteristics of microbeads fabricated with LDW were analyzed to determine the 

level of control over microbead size, total number of cells/bead, and the resultant cellular density 

per bead as a function of initial ribbon seeding density (i.e., 1e6, 2.5e6, 5e6, 7.5e6, and 10e6 

cells/mL). This was done with two discrete beam diameters, as adjusted by a continuous aperture 

before the laser objective. The beam size, measured by pulsing the laser on an ink-covered glass 

slide, establisehd beam diameters of 100 µm for the small-beam, and 175 µm for the larger beam. 

Laser energy for the small and large beam sizes was measured (using an Opher energy meter) 

during printing (frequency of 1Hz) for all patterns, revealing mean energies of 3.05  0.66 and 

5.01  1.21 µJ for the small and large beams, respectively (Figure 6.2a), with gaussian distribution 

profiles. This resulted in alginate beads with diameters of 200 µm for small beam (202  30 µm) 

sizes, and 400 µm for large beam sizes (410  60.0 µm) (Figure 6.2 b-c). When analyzing the 

independent ribbon densities for resultant bead diameters, there was variability observed for the 

resulting diameters, particularly at the high and low ribbon densities (Figure 6.3 a-b). The cell 

count per bead was positively correlated with ribbon density (Figure 6.3 c-d), and had a range of 
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3.1  2.0 to 15  6.1 cells/bead in small beads, and 15  6.3 to 124  68 cells/bead in large beads. 

When normalizing this count for bead volume, we found microbead cell densities of 1.37e6  

0.78e6 to 10.3 e6  4.3 e6 cells/mL in small beads and 0.36 e6  0.12 e6 to 5.75 e6  1.13 e6 

cells/mL in large beads (Figure 6.3 e-f). This showed that small microbead transfers had cell 

densities closely resembling the ribbon seeding density (Figure 6.3f), whereas the cell density in 

the larger printed beads was roughly half the ribbon seeding density. 

 

 

Figure 6.2: The recorded energy of 100 µm and 175 µm beam size (n = 100 pulses) (a) and representative 

fabricated microbeads at the small and large beam size (b-c). 
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Figure 6.3: The influence of ribbon density on the resultant bead diameter (a-b), the number of cells per 

microbead (c-d), and the overall cell density per bead volume (e-f). 

6.3.2 Viability of cells printed with LDW 

Short-term cell viability was assessed within large and small alginate printed microbeads 

and microcapsules, containing either MDA-MB-231 breast cancer cells or CCE stem cells. MDA-

MB-231 viability was previously analayzed in Chapters 3 and 5, for microbeads and 

microcapsules, respectively. This provided a good baseline for viability comparisons for stem 

cells, which are known to be a more sensitive aggregating cell line. Within these experiments, cell 
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viability was reported on the print ribbon (control), within alginate microbeads 1 h after printing, 

and within LDW-printed microcapsules 1 h after processing (Figure 6.4). Cell viability for cancer 

cells was 97.6%  2.1 on the print ribbon, which reduced to 84.6%  8.1 after printing as a 

microbead, and 76.1%  7.3 within a microcapsule. For stem cells, this viability was 93.0%  2.0, 

76.9%  7.3 and 70.2%  6.6, for ribbon, microbead, and microcapsule, respectively.  

 

Figure 6.4: Viability assessment throughout fabrication process. The viability of stem cells and tumor cells 

was assessed upon loading on the ribbon (control), immediately after printing and fabrication into a 

microbead, and upon processing into a microcapsule. Stem cells appear to be more sensitive to this processing 

but overall maintain high viability. 

 

6.3.3 Customizable core-shelled structures 

Core-shelled microcapsule arrays (5 x 5 arrays with 600-µm centroid-to-centroid spacing) 

were produced containning mESCs, at both small and large microbead sizes. The time course of 

stem cell growth and aggregation within these capsules can be visualized in Figure 6.5. After 1 

day in culture, small aggregates begin to form within the capsule, by day 7 the small aggregates 

have merged into larger single aggregates, and by day 14 the single aggregate fills the entire 

volume of the capsule. This was repeated with cancer cells using similar 5 x 5 arrays, with 
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collapsed spacing to demonstrate the control of LDW fabricated microcapsules (Figure 6.5). 

Within this array, a similar phenomena can be observed with the cancer cells over the 14-day time 

course of aggregation, and eventually the formation of a single large aggregate filling the 3D 

volume of the capsule.  

Similar experiments were performed, again using MDA-MB-231 cancer cells, to create 

larger aggregates with custom geometries (i.e., linear strand, rectangular mat, rectangular ring) by 

printing the beads in overlapping fashion, as shown in Figure 6.1b-c. Within these printed 

constructs, the structure and geometry is maintained throughout the core-shelling process. Over a 

14-day time course, the encapsulated cancer cells proliferated and self-assembled in thesse 

advanced geometries, namely continuous microstrands, rectangular mats, and continuous 

microring structures (Figure 6.5). Within all of these structures, the cellular aggregate can be seen 

to fill the entirety of the volume in which they are encapsulated. In addition to these time courses, 

there is a representative macroscopic image of a bioprinted microring, shown on a US dime 

(bottom right panel, Figure 6.5), to provide a sense of scale for this fabrication.  
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Figure 6.5: Representative images of various print configurations of microbeads (5x5 array, strand, 

rectangular mat, and ring) at day 0, their processing into a core-shelled structures, and the time lapse of 

aggregate formation over 14 days for both tumor cells and stem cells. 
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6.3.4 Structural evaluation of cell constructs 

It was unknown what the actual 3D cellular geometry was within the core-shelled 

structures, because their large size made it difficult, if not impossible, to image with conventional 

tools, such as confocal microscopy. To overcome this, OCT was used to noninvasively image and 

quantify the 14-day structures produced within the core-shelled environments. When images were 

processed within Imaris, it granted visualization of the geometries observed with the OCT imaging 

(Figure 6.6a). There was a large size-discrepency between aggregates formed within small 

microcapsules, large microcapsules, and rectangular mats. For example, stem cell aggregate 

volumes were measured to be 3.68 e6  0.51 e6 µm3 when grown in small microcapsules, and 56.5 

e6  8.9 e6 µm3 when grown in the larger capsules (Figure 6.6b). This was repeated for cancer 

cells grown in small microcapsules, large microcapsules, and a rectangular mat, resulting in tumor 

aggregate volumes of 3.38 e6  0.74 e6 µm3, 56.4 e6  10.2 e6 µm3, and 173 e6  62 e6 µm3, 

respectively (Figure 6.6b).  

The overall sphericity of aggregates produced within the small and large microcapsules 

was 0.986  0.006 and 0.917  0.017, respectively, for stem cell aggregates, and 0.976  0.059 

and 0.822  0.049, respectively, for tumor aggregates (Figure 6.5c). While all of the structures 

had overall high sphericity (> 0.8), it was clear that the smaller microcapsules produced aggregates 

with greater sphericity than those grown in the larger microcapsules. This is likely due to 

differences in the amount of flatening the alginate sphere experinces during crosslinking, with 

increased flattening occuring at larger bead sizes, which would be reflected in the resultant 

processed microcapsule. Interestingly, stem cells and tumor cells produced aggregates with similar 

high spherecity when grown in small microcapsules, however, when grown in the larger 
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microcapsules, stem cell aggregates had a noticably higher sphericity than analogous cancer cell 

aggregates (e.g, MCTS). 

 

Figure 6.6: OCT images processed in Imaris of a small microcapsule (ai), a large microcapsule (aii), and a 

rectangular mat (aiii). The overall volume of the structures (b) and the sphericity of the aggregates grown 

within small and large microcapsule (c). 

 

6.3.5 Molecular imaging of core-shelled structures 

Confocal microscopy was performed on small microcapsules and microstrands composed 

of small microbeads, because their dimensions limited the size of the aggregate to thicknesses 

sufficient for confocal visualization. Confocal microscopy revealed dense cellular aggregates as 

seen by the large amounts of DAPI (Figure 6.7). However, as can be seen within the orthogonal 

slice in Figure 6.7a (ortho-slice), the tumor aggregate does not appear spherical in shape, and was 

likely flatened as a result of the sample preparation and mounting. Similar “flattening” can be 

observed within the confocal images of the microstrand in Figure 6.7b.  
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Figure 6.7: Confocal microscopy of a microcapsule containning a 14-day tumor spheroid (a), and a 

microstrand (b). 

6.3.6 Embedded structures: beads-within-beads and assessment 

The final portion of this work aimed to assess whether LDW could be used to fabricate 

embedded strucutres, e.g., microbeads within microbeads, by printing alginate beads over smaller, 

previously-fabricated microbeads. This was attempted by using two print ribbons suspending 

MDA-MB-231 cells tagged with either GFP or m-Cherry, used to destinguish whether the cells 

were compartmentalized within the discrete beads. To create these embedded structures, a primary 

bead (bead 1), either 100 or 200 µm in diameter, was printed to a substrate. A secondary bead 

(bead 2), approximately twice the diameter of the primary bead (200 or 400 µm), was then printed 

at the same location on the substrate, in an attempt to entrap the primary microbead within a 
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secondary microbead. As shown within Figure 6.8, this appears to be a feasible and unique feature 

of laser-based microbead fabrication. 

 

 Figure 6.8: Representative images of “bead-within-bead” structures fabricated with LDW; (from left to 

right): phase contrast image of bead within bead, fluorescent image m-Cherry only, GFP only, and both GFP 

and RFP. 

 

6.4 Discussion 

The advancement of 3D bioprinting has created many new tissue engineering devices at 

various phases of in vivo testing. However, there is a special place for more advanced 3D, tissue 

engineered, in vitro models with the complications associated with in vivo testing. For this reason, 

the development of 3D bioprinted models to study disease pathology and biological phenomena, 

and offer unique insight into the desired tissue system, are of great interest. A standout model for 

such behavior is the organoid model. Such models rely upon self assembly into micro tisssue 

structures that express many of the phenomena of the native tissue. Such structures are easily 
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produced within core-shelled constructs, but have been limited in their ability to be fabricated and 

patterned into complex arrays. 

One of the key aspects of embyroid bodies and tumor spheroids is their size. For embyroid 

bodies, their differentiation potential has been shown to be strongly influenced by the resultant 

size of the aggregate [57], [207], [208]. Past work by our group has shown that embyroid body 

size can be manipulated with 2D gelatin-based LDW, by changing printing density [59]. In the 

same vein, overall aggregate size has important implications for tumor spheroids; where small 

spheroids remain healthy, missing a hypoxic core, a hallmark within avascular solid tumors [97], 

[209], [210]. To demonstrate our control of these factors, we manipulated the diameter of the laser 

beam to create microbeads at a small and large sizes. With this setup, we were further able to 

manipulate the initial number of cells deposited within each bead (and its associated 

microcapsule), as well as the initial cellular density of various LDW-printed structures. This 

allowed for a large range of control and flexibility over the initial conditions for the growth of 

cellular aggregates. Furthermore, the overall dimensions of the core-shelled structure were able to 

constrain the growing aggregate within, allowing for control over the final size, and shape, of the 

tumor or stell cell aggregate. This was further evidenced by the OCT 3D volumetric quantification, 

that showed strong control over the volume of aggregates over many individual capsules.  

 With the combination of size control and bead localization, we demonstrated the 

fabrication of many complex microgeometries such as strands, micromats, and microrings, all of 

which could be loaded with cells that would eventually grow and proliferate throughout the 

continuous geometry. This could not have easily been done without the size control and placement 

precision that is afforded by the direct-writing technique. These types of structures offer the 

production of large aggregates with custom geometries, to maintain a highly favorable surface area 
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to volume ratio. It will be of interest to determine if there are metabolic differences between 

cellular aggregates of identical volumes with different 3D geometries, which can effectively 

change nutrient/waste diffusion rates. Moreover, it will be interesting to utilize various core-

shelled geometries to probe whether tumor spheroids still behave in characteristic fashion for their 

volume, when the aggregate is no longer spherically shaped. This could elucidate important 

volume- and surface-based properties of tumor spheroids, and their influence on cellular behaviors 

and response to drugs. 

Last, with this technique we desired to determine if we could produce compartmentalized 

microbeads with disceret volumes containing different cellular payloads. To produce these type of 

arrays, it was required that we were able to visualize our patterned samples on our receiving 

substrate, rapidly exchange the print ribbons and continuing printing, have strong control over our 

print size for the primary and secondary microbead, and have the ability to carefully prescribe the 

deposition site of our alginate droplets. These are all features of our LDW bioprinting process. 

Thus, we were able to produce “beads-within-beads” utilizing laser direct-writing. Similar types 

of fabrication have been attempted within the literature by utilizing electrostatic bead generators 

to produce microbeads by depositing alginate droplets into a crosslinking solution, harvesting these  

beads, and then reextruding a second time while containing the first droplet. While this technique 

has seen some success, there are some clear limitations, especially due to the shear forces that cells 

would experience by moving a microbead through a small nozzle for droplet formation.  

Something that would be largely of interest with the laser-based technique, and a natural 

extension of our bead-within-bead work, would be the production of multiple embedded 

microcapsules (i.e., capsules within capsules). This could be achieved by depositing an intial 

microbead, processing it with a polycation to create the polyelectrolyte complexed layer, then 
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depositing a secondary alginate bead to encapsulate the primary microbead, and coating this 

secondary bead with a polycation to make the secondary complexed layer. Finally, sodium citrate 

would be added to chelate the calcium, liquefy the respective cores, and produce embedded 

microcapsules.  

6.5. Conclusion 

Overall, in this work we demonstrate a novel, laser-based, technique for building idealized 

microenvironments for aggregating cell types. We demonstrate the ability to manipulate the size 

of these structures, as well as the initial cell seeding density, through changing the fabrication 

parameters. In addition, we show that cells encapsulated within these structures, even sensitive 

cell lines such as stem cells, remain highly viable. Furthermore, we show that cancer cells and 

stem cells both self-assemble to form 3D aggregates (tumor spheroids and embyroid bodies, 

respectively), that have sizes corresponding to the dimensions of the fabricated capsule. We show 

that the volume of these aggregates can be non-invasively quantified using OCT and Imaris, and 

that the volume is tightly regulated by the size of the environment. Furthermore, we show that 

these environments can be produced in a variety of advanced shapes, which has not previously 

been shown with any other technique. Finally, we demonstrated that LDW’s ability to control size 

and location of beads can be used for fabricating other advanced structures, such as “beads-within-

beads”. Future work will aim to produce embedded core-shelled structures “capsules-within-

capsules” and applying this fabrication technology for the study of self-aggregating cell types.  
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7 Discussion and conclusions 

 

The work within this thesis is centered on four areas of substantial interest to the 

biofabrication and biomedical engineering community at large: 1) Bioprinting, 2) Microbeads, 3) 

Core-shelled structures, and 4) Cellular self-assembly. Through their integration, this work aims 

to leverage their individual capabilities and unique synergies to build a powerful platform for 

fabricating idealized engineered constructs and microenvironments. While each of these present 

their own strengths and unique obstacles, the collective utility provided by this system will aid in 

the advancement of in vitro models in a manner greater than the sum of its parts.  

 

7.1 Perspective and summary 

Bioprinting is a powerful fabrication tool for applications in tissue engineering and 

regenerative medicine, because of its ability to produce customizable 3D geometries with control 

over the location of the cellular constituents. While many current printing platforms are making 

considerable progress in bioprinting tissue replacements, there remains a large gap before this can 

be realized clinically. However, there is currently a need for advanced bioprinting techniques able 

to produce in vitro assays, in high-throughput fashion, for applications involving organoids and 

disease models. Much of the current bioprinting efforts are performed using inkjet-like printers, 

which typically fabricate on the mesoscale. While these offer great fabrication speeds and 

flexibility, they are limited in their printing resolution, as well as in the selection of candidate 

materials for printing. The overall goal of this body of work was to investigate LDW (a high-

resolution printing technique) as a platform for fabricating and patterning idealized cellular 

microenvironments, which can be leveraged for the generation of a more physiologically relevant 

in vitro models. 
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Chapter 3 presented a method for single-step laser-based fabrication and patterning of 

alginate microbeads. It was demonstrated that beads could be created and patterned with high 

resolution and maintained pattern fidelity. Cells encapsulated within these microbeads maintained 

high viability through fabrication, and the size of the beads was controllable over a wide range, by 

changing of the laser-beam diameter. However, the cells encapsulated within these alginate 

matrices appeared to be “stuck in place”, due to the lack of binding sites present within alginate 

for cellular interaction. 

Chapter 4 examined the mechanical properties of LDW alginate beads, and how these 

could be modified (“tuned”) using parameters involved in bead fabrication (i.e., crosslinker and 

alginate concentration). This was compared to bulk gels fabricated similarly through external 

gelation, which is often used as an experimental analog for microbeads, due in part to the challenge 

of the microbeads small size for conventional mechanical characterization methods. It was 

observed that the bulk gel properties and those of microbeads maintained the same overall stiffness 

trends within the parameter space, however, alginate microbeads had a significantly higher elastic 

modulus that their bulk gel counterparts.  

Chapter 5 presented a method for processing of LDW alginate microbeads into core-shelled 

structures using both chitosan and PLL. It was observed that the core-shelling procedure does not 

disrupt the printed pattern registry of LDW microbeads. Tumor cells entrapped within core-shelled 

structures were able to self-assemble and form 3D tumor aggregates that grow to fill the capsule 

volume. Last, proof-of-concept work was done showing that single beads could be printed in an 

overlapping array, and processed with the core-shelling procedure to produce continuous 

structures. Within these continuous core-shelled environments, tumor cells appeared to grow and 

fill in the entirety of the free volume. 
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Chapter 6 examined extending the method to produce alginate microbeads (Chapter 3) and 

core-shelled structures (Chapter 5) to fabricate advanced core-shelled structures. It was 

demonstrated that these core-shelled structures were compatible with additional self-aggregating 

cell types (i.e., embryonic stem cells), which aggregated to form 3D embryoid bodies, in a manner 

similar to the formation of tumor spheroids from cancer cells. Utilizing the unique spatial control 

afforded by LDW, advanced geometries, such as microstrands, microrings, and micromats, were 

produced by printing overlapping beads and utilizing the core-shelling technique. With these 

structures, continuous core-shelled geometries were eventually filled by the encapsulated tumor 

cells. Furthermore, OCT imaging was utilized to non-destructively quantify the cell aggregate 

structural features (i.e., volume and sphericity). Last, as a proof-of-concept, microbeads were 

printed sequentially (a small microbead followed by a large microbead) to the same position on a 

common substrate, to produce an embedded structure - a “bead-within-bead”. This was 

demonstrated using tumor cells with m-Cherry and GFP florescent labels that could be visualized 

to be in distinct structural compartments. 

Taken together, these studies demonstrate the great potential of the LDW platform for 

producing valuable in vitro models, using alginate as a bioink. This thesis developed two 

fabrication approaches, (i) entrapping cells within 3D patterned microbeads, which could be 

crosslinked to achieve bead matrix properties that span a wide range of physiologically-relevant 

mechanical properties, and (ii) processing printed microbeads into core-shelled 

microenvironments for 3D aggregation and unrestricted cell growth.  

The application of LDW microbeads should be extended to include functionalized alginate, 

or interpenetrating matrix networks, to see if appropriate 3D matrix can be produced for cellular 

interaction with the microbead matrix. In addition, biological characterization, including gene 
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expression and molecular markers, should be performed on the cellular aggregates within the core-

shelled structures, to determine how these compare to similar in vitro aggregate models produced 

through liquid overlay and xenografts. The following section details the future suggested directions 

for this project, and the challenges to overcome for this bioprinting platform.  

7.2 Future work and recommendations 

7.2.1 Engineered alginate for cell growth 

 Following the fabrication of alginate microbeads, it was noted that cells encapsulated 

within these gels were unable to migrate and interact with the surrounding microbead matrix. This 

is not unique to our alginate matrices, as it is often reported that cells encapsulated within alginate 

do not migrate. While the “blank slate” of alginate in many ways serves as an advantage in 

engineering the ECM, it also is a major limitation as a candidate material. This is among the 

primary motivations for the use of core-shelled structures over the initially fabricated alginate bead 

within this thesis. However, there are strategies to overcome the limitations of alginate that should 

be explored, such as: 1) engineering of alginate to include peptides promoting cellular adhesion, 

and 2) blending of alginate and native ECM to produce interpenetrating networks. Several major 

laboratories have pursued attaching adhesion ligands to alginate containing RGD, to allow for 

integrin binding to the alginate. This has seen some success within work published from the 

Mooney group at Harvard, where the incorporation of adhesion ligands onto alginate has allowed 

for the direct binding to the matrix, and enabled the encapsulated cells to “feel” changes in matrix 

modulus [48], [211]. Additional work has been published that utilizes blends of alginate along 

with other natural ECM molecules to produce “interpenetrating networks” of matrix materials. 

This has also been shown to allow for cell binding and interaction with the matrix while retaining 

the mechanosensing capability [93], [154]. Overall, either of these two options could easily be 
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compatible with LDW microbead fabrication, and should be considered for integrating into the 

LDW platform. 

7.2.2 Validating tumor model against traditional tumor spheroid via liquid overlay 

 LDW core-shelled structures were able to produce tumor spheroids and embryoid bodies 

from encapsulated cancer cells and stem cells, respectively, over the period of 14 days (as seen in 

Chapters 5 & 6). The gold standard for generating spheroid aggregates is a technique referred to 

as “liquid overlay”, wherein spherical cellular aggregates are produced using non-adherent conical 

shape wells that, similar to microcapsules, encourage cell-to-cell interaction. However, a distinct 

difference with liquid overlay techniques for producing aggregates, is that they often require a low 

concentration of Matrigel to be present in the media for spherical morphologies to be achieved. 

The ability for core-shelled structures to similarly produce these 3D aggregates without the need 

of exogenous factors within Matrigel, is a significant advantage over the liquid overlay technique. 

Matrigel often confounds studies, makes it difficult to isolate the variables involved in triggering 

a specific cellular behavior, and has large overall lot-to-lot variability. For these reasons, it would 

be valuable for future studies to explore the structural, morphological, and biological differences 

between tumor spheroids generated using LDW microcapsules and liquid overlay.  

7.2.3 Influence of shape on tumor aggregate 

Within Chapters 6 & 7 we demonstrated that LDW affords unique size and overall geometry 

control to the fabricated core-shelled structures. This size and shape furthermore control the 

eventual size and shape of the cellular aggregate that grows within the structure. Therefore, we 

have a technique that is uniquely suited for studying how structural geometry influences cellular 

behavior. This would be extremely interesting in both the tumor and stem cell applications, as both 

cell lines are highly plastic and are strongly influenced by the size of the resultant aggregate (i.e., 
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tumor spheroid or embryoid body) [57], [79], [207], [208]. This platform could serve for a wide 

variety of applications, such as studying how stem cell differentiation is independently influenced 

by embyroid body size and paracrine signaling, through manipulating capsule sizes and the printed 

patterns of stem cells. For tumor applications, this platform could be used to investigate how tumor 

spheroid size and the presence of auxiliary cell types, such as cancer-associated fibroblasts, 

influence drug resistivity, or metastasis from the primary tumor site.  

7.2.4 Tissue craft and hybrid tumor model 

Among the most promising applications of LDW bioprinting is in fabrication of in vitro 

assays. For personalized medicine approaches (drug screening and risk assessment), it would be 

valuable to recreate diseased tissue based off a biopsy tissue sample. This, in theory, could be 

performed by taking a histological tissue slice, imaging the tissue, converting the tissue into voxels 

based on cell type and composition, and reproducing this with LDW. In this application, LDW 

microbeads would serve as the “voxels” in the crafted tissue, where the contents of the print ribbon 

(i.e., cell type and matrix) may be interchanged. In this way, the matrix composition, stiffness, and 

encapsulated cell types could potentially be all independently interchanged.  

7.2.5 Simulating and models for LDW 

 Much of the work contained within this thesis was to demonstrate control of LDW as a 

fabrication technology. This required that we robustly characterize the parameters involved in bead 

generation (i.e., measure the size of the laser beam, energy of the laser, and resultant size of the 

microbead produced on the receiving substrate). However, this has only been calibrated for a 

unique set of printing parameters, and would be subject to change if any of the parameters in our 

LDW printing approach were altered, such as using a new bioink or sacrificial layer material. A 

valuable future direction would therefore be creating a model and simulation that could be used as 
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a predictive guide for LDW users. This would be especially important when utilizing new print 

parameters, for users to estimate the resultant ejected volume during printing. Important inputs for 

this model would be transfer material viscosity, temperature, humidity, beam size, laser energy, 

and sacrificial material.  

7.2.6 Advantages and limitations of LDW bioprinting 

LDW as a noncontact bioprinting platform has shown its ability to perform precise spatial 

patterning, with resolution that is uncontested by traditional bioprinting platforms. This has been 

utilized for printing even the most sensitive cell types, with high viability post transfer. This 

printing scheme has been demonstrated for both 2D and 3D fabrication. LDW benefits from 

compatibility with a broad range of hydrogel materials, ranging from high to low viscosity, which 

is traditionally a challenge for nozzle-based techniques. Furthermore, LDW is built upon 

CAD/CAM-based technology, and lends itself to rapid prototyping and automation. Overall, this 

is a powerful bioprinting technology that fills a unique niche. 

While there are many distinct advantages and reasons to utilize LDW as a printing tool, 

there are also clear disadvantages and applications for which LDW is not well suited. First and 

foremost, LDW is an expensive technique. The laser within this thesis is a 193nm ArF excimer 

laser, which as a source costs upwards of $50,000. The gas required to produce this wavelength is 

also expensive, costing on the order of $1500-2000 for a supply lasting 6 to 9 months. In addition, 

there are many expensive pieces of optical equipment that are needed for the laser, all of which 

have a significant price tag. Additionally, the 193nm wavelength can put substantial ‘wear and 

tear’ on the optics of this system. Furthermore, many components within the laser can be thought 

of as consumable items over long stretches of time, and will require replacement and refurbishing. 

All things considered, this technique requires a healthy flow of capital over long durations. In 
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addition to the financial burdens of this technique, there are aspects of the printing process that 

make it a challenge for new user adoption. 

There are several technical aspects of LDW that may make it relatively non-user friendly, 

and present a steep learning curve for the novice printer. The primary obstacle to users (especially 

new users) is the print ribbon; this is ideally two thin films, a sacrificial material for absorbing 

laser energy, and a transfer layer that suspends the biopayload (cells, within this thesis) and is 

transferred with the biopayload to the receiving substrate during printing. These layers can be 

difficult to produce consistently. Preparing the print ribbon requires spincoating the first transfer 

layer, depositing the cell solution, and subsequent wicking to produce the two thin layers. All of 

this potentially lends itself to automation in the future, but as of now, it requires users to iterate the 

procedure several times to make consistent ribbons. Variations in this procedure can cause 

difference in printing that manifest in changes to deposited material volume and quality. In 

addition to this, temperature and humidity within the room appear to play a large role in transfer 

quality, as they effect the evaporation rate of the thin films (i.e., sacrificial and transfer layer) on 

the ribbon, and the gelation rate of the gelatin. Some laboratories using laser-based methods have 

overcome these limitations by utilizing a dynamic release layer made of gold or titanium, which 

is not as susceptible to these environmental conditions. While this could lessen environmental-

based variations, a dynamic release layer would be prohibitive for real-time visualization of the 

print ribbon, which is a critical part of our lab’s gelatin-based LDW approach.  Others have 

incorporated built-in temperature and humidity control to their printing systems to address these 

environmental variations, which would be an attractive addition to the next generation our LDW 

system.  

Beyond user-based challenges of adoption, there are also limitations in the types of 
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applications suited for LDW. LDW typically dispenses droplets with diameters ranging between 

50 and 500um, at rates > 1Hz, according to experimental work outlined in this thesis. However, 

inkjet-based techniques can also dispense droplets at similar rates, with droplet size on the 

mesoscale. These two techniques differ in that LDW has far greater spatial patterning resolution, 

but would take far longer to produce a similarly-sized pattern. Thus, it appears that inkjet 

techniques are far better suited to fabricating large-scale tissue constructs, where the geometry is 

important, but the placement of cells within the printed volume does not require LDW-like 

resolution. However, there are areas and applications where these techniques have the strong 

possibility to be used synergistically – such as creating multi-scale constructs where inkjet can 

fabricate the large scale features, and LDW can be used to produce the fine details within the 

construct.  

Of course, there are applications for which LDW may be uniquely well suited. Many 

bioloigical applications only require the fabrication of small in vitro assays with precise control 

over the cellular constituents and their spatial placement. LDW is very well suited to fabricate 

these assays, which are important for many studies of basic biological origin or disease modeling. 

In addition, in vitro diagnostics is a rapidly growing field that can be leveraged for personalized 

medicine. This field would benefit from the application of tissue engineering tools able to create 

more in vivo like environments, within the wells of a multi-well plate (e.g., 96- or 384-well plate) 

that can be used for high-throughput screening. LDW’s resolution and fabrication scale make it 

particularly well-suited for these types of application.  
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7.3 Conclusion 

This thesis utilized a combination of tissue-engineering principles and techniques to enable 

the fabrication of idealized microenvironments. Laser direct-write provides a powerful printing 

technique for dispensing small volumes from a print ribbon to a receiving substrate. Utilizing 

alginate as a polymer solution to suspend cells, when dispensed in small volumes via LDW, allows 

for the formation of microbeads with malleable mechanical properties, able to be tuned to a wide 

range of values within a physiological window. These bioprinted alginate structures present the 

opportunity for processing into core-shelled environments encapsulating the biopayload, with the 

elimination of artificial polymer matrix. In such microenvironments, aggregating cell types in the 

absence of native ECM will form cell-to-cell adhesions, aggregate, and produce their own matrix. 

The combination of these techniques allows advanced core-shelled microenvironments to be 

produced, that enable the formation of cellular aggregates to serve as a powerful tissue surrogates 

for “organ like” models.  This thesis highlights the utility of LDW for alginate microbead 

fabrication and printing, and when combined with core-shell processing, demonstrates the 

fabrication flexibility for creating various geometries and structures, with prescribed cellular 

composition and mechanical properties. Taken together, such fabrication potential suggests many 

exciting directions that LDW bioprinting can be applied to advance tissue and disease models, for 

applications in drug screening and in vitro diagnostics.  Moreover, with the growing interest in 

patient-derived cells and personalized models, LDW shows great promise for next generation 

models, and the realization of individualized medicine. 
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