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While bioprinting is well positioned for creating thick tissues and whole organs due to its scalability 

and geometric flexibility, it is limited in terms of microscale complexity. Reasons for this 

inadequacy includes limited resolutions, a lack of printable but biologically active materials, and a 

lack of use of stem cells. This issue permeates to vascularization, a universal requirement for 

artificial tissues, in which bioprinting has difficulty inducing microvasculature formation. In my 

dissertation, I address the lack of complexity in bioprinting by developing a multi-material 

bioprinter with novel features that improve resolution and embed hydrogels with concentration 

gradients of small molecules. I then print fragile induced pluripotent stem cells (iPSC), which are 

well-known for their propensity to self-assemble, and demonstrate their high viability in long term 

culture. I attempt to guide these iPSC towards vascular smooth muscle fate, but inadequate 

commercial antibodies forced me to pivot towards a study on characterization. Finally, I induce 

vascular network formation in printed endothelial cells and show the effects of printed VEGF 

concentration gradients on printed networks.
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Chapter 1: Introduction 

 

Regenerative medicine is an emerging technology that aims to restore the natural functions of 

tissues typically by integrating stem cells or biomaterials to native tissues. Therefore, it is major 

impetus in the regenerative medicine field to produce implantable, organ-like structures that 

recapitulate the functions of native tissues [1]. This new technology may resolve some of the 

biggest issues in healthcare and drug development.  

Firstly, artificial tissue can potentially relieve the unmet demands for replacement organs [2]. 

Currently, there are over 100,000 people on the United States national transplant waiting list where 

20 waitees die each day [3]. Compounding this issue, there are numerous complications that can 

lead to the rejection of transplanted organs [4]. Regenerative medicine promises a solution by 

producing artificial tissue with stem cells. Pluripotent stem cells (PSC) can differentiate into any 

cell type found in the body and are thus able to form any tissue type. Unlike human organs, stem 

cells are infinitely renewable, curtailing the supply issues with natural organs. Furthermore, with 

the introduction of induced PSC (iPSC) [5], PSC can be sourced from the patient, thereby bypassing 

rejection issues [6]. 

Secondly, basic knowledge and tools acquired from regenerative medicine can be used to improve 

the research and development (R&D) process of traditional drug therapies [7]. Pharmaceutical 

R&D has been in a decades-long slump in productivity attributed to increasing difficulty and cost 

in development [8]. A significant factor to this issue is high attrition rates during the lengthy and 

expensive clinical trial process [9]. Many scientists believe these high failures rates can be 

mitigated with improvements to the drug-screening status quo of animal models and 2D cell culture. 

Functional, 3D tissue, such as those that regenerative medicine aims to create, can better bridge the 

disconnect between pre-clinical screens and clinical trials [10]. 

Herein lies the paradigm of regenerative medicine. PSC are first differentiated into multipotent 

stem cells or more specialized cell types [11–13]. Then these derived cells are embedded in 

hydrogels and patterned into the general geometry of product [14–17]. Over time in culture, these 

cells react to their new microenvironment by proliferating, self-organizing, and gaining 

functionality [18–20]. Finally, the result is implanted into an organism or used to screen synthetic 

compounds [21,22].  

PSC are typically guided towards a specific fate via 2D cell culture and growth factors in the culture 

media. Although other methods, such as 3D cell culture and mechanical stimulation, are studied in 

the context of differentiation, 2D culture is the predominant method for generating PSC-derived 

cells because of its ease, lower cost, and scalability. Cell fates are typically guided via growth 

factors introduced in the culture media. However, a fraction of the population will always 

differentiate into unwanted cell types [23]. Furthermore, stem cell-derived cells tend to exhibit an 

immature phenotype [24] or incomplete functionality [25]. And progenitor cell lines are often 

difficult to identify and characterize [26,27]. Therefore, the challenge of cell differentiation is high 

efficiency differentiation that produces cells with similar characteristics to primary cells [25]. 

There are three primary methods of shaping a mass of cells into an organ-like structure: organoids, 

microfluidics, and bioprinting. Organoids formed when stem cells are placed in a 3D environment, 
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such as hydrogels, cell pellets, or embryoid bodies, and coaxed to differentiate and self-assemble 

into organ-like structures [28]. Organoids are the least “engineered” of these approaches as it lets 

natural, cellular processes create most of the pattern. As such, organoids are comparatively simple 

yet still recapitulates in vivo phenomena [29]. Microfluidic devices are small, micron-scale 

channels typically formed from molded polydimethylsiloxane (PDMS). Each channel can contain 

media, extracellular matrix (ECM), and cells [30]. This technique is exceptionally potent at 

manipulating the microenvironment as it can physically separate biological components while 

controlling interactions such as cell to cell communication [31] and signal gradients [32]. 

Bioprinting is the technique by which 3D printing is adapted to patterning biological matter, 

including live cells [33]. While it is the most flexible technique in terms of patterning geometry, it 

is limited in resolution by the requirement of using materials that are simultaneously printable but 

structurally sound [34].  

Herein lies the issue with bioprinting: its techniques find difficulty integrating multiple cell types 

together to recapitulate the complexities of native tissue. Printed constructs typically lack the 

organic, self-assembled features of an organoid as stem cells are notoriously fragile to physical 

stresses [35,36] and the printability requirement limits cell densities and hydrogel materials [37]. 

Printed constructs also lack the resolution of microfluidic devices and cannot mimic the benefits of 

compartmentalization to manipulate the microenvironment [21]. Hence, in the context of biological 

complexity, bioprinting studies typically produce little more than cells encapsulated in 3D 

environments. Thus, bioprinting is currently ill-suited to manipulate the microenvironment of cells. 

Moving forward will require the issues of resolution and complexity to be addressed without 

compromising the advantages of flexibility and scalability that make bioprinting so conducive to 

organ engineering. 

Although each technique is very different, the entire field of regenerative medicine shares the same 

problem of vascularization [38]. Thick tissues, no matter the method of generation, are subject to 

the 100-200 µm of oxygen diffusion and require perfusable vasculature to supply nutrients [39,40]. 

Therefore, thick tissue must necessarily be complex, multicellular constructs that integrate vascular 

cells with other cell types. The current paradigm is to interlace large vasculature (>100 µm 

diameter) with tissue via artificial patterning methods [16,41,42]. Meanwhile, capillaries that are 

smaller than the resolution of engineering techniques should self-assemble or sprout from the large 

diameter vessels [43–45]. Incorporation of these requirements in a scalable manner is the holy grail 

of vascularization in regenerative medicine. 

The McCloskey lab has expertise in forming microvasculature within the compartmentalized 

environment of microfluidic devices [46]. These devices typically drive vasculogenesis of human 

umbilical vein ECs (HUVECs) via direct contact with fibrin gel and paracrine signaling from 

fibroblast cocultures [47]. The McCloskey lab is in the process of improving microfluidic 

vascularization by optimizing the different accessory cell types that are cocultured. Furthermore, 

the lab aims to bring this technology to bioprinting and incorporate microvasculature into bioprinter 

constructs. To do so, I will need to resolve the bioprinting issues related to biological complexity.  

Furthermore, the McCloskey lab and most of the regenerative medicine field are inducing 

vasculogenesis with primary cell types. To move towards the long-term, clinical goals of the 

regenerative medicine field, PSC-derived cell types should be guided to vessel formation. The 

McCloskey lab has previously established a protocol for the chemically-defined generation of ECs 
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from human [23] and mouse [48–50] PSC sources. The protocol is multistage and first creates a 

kinase domain receptor (KDR) positive, multipotent progenitor before inducing EC fate. This 

KDR+ progenitor (also known as a vascular progenitor cell, VPC) is analogous to a cell in 

embryonic development’s LPM and is known to be multipotent for both ECs and VSMCs [51]. 

Therefore, I can adapt this protocol for the generation of VSMC to provide PSC-derived accessory 

cell types for vascularization. 

In my dissertation, I aimed to create a custom bioprinter that enables novel techniques for 

improving resolutions and manipulating the environment (Chapter 2). I demonstrate the printing of 

viable PSC in high resolution tissue constructs and guide microvasculature formation with a novel 

technique for bioprinting concentration gradients (Chapter 5). I  also aimed to produce an efficient, 

reproducible protocol for the generation of vascular smooth muscle cells from PSC (Chapter 3) and 

address problems with the current methods of phenotype characterization (Chapter 4). 
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Chapter 2: ModiPrint: An Accessible, Feature-Rich, Multi-Material Bioprinter 
 

Abstract 

Three-dimensional (3D) bioprinting has brought major innovations to the field in its ability to 

fabricate cell-laden constructs that closely resemble physiological tissue. Unfortunately, many 

bioprinters print single or few cell-material combinations or at limited resolutions. Improving on 

the resolutions, functionality, and affordability necessitates attention to both printing techniques 

and printers. Here, I address this schism with my own, custom designed bioprinting system, 

ModiPrint. ModiPrint is a multi-material bioprinter that is feature rich through its highly custom 

control software and hardware design. ModiPrint enhances the biological cmplexity of its 

constructs by improving resolutions with novel stepper control software and embeding 

concentratrion gradients of small molecules in hydrogels. It still remains affordable, accessible, and 

modular through its 100% commercially availible component makeup that anyone can recreate 

using my documentation.  
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2.1 Introduction 
 

2.1.1 Accessibility in Bioprinting 

Bioprinting for tissue engineering applications has gained enormous traction in the scientific 

community. The technique’s ability to generate cell-laden, organ-like constructs holds great 

promise for research and clinical use [33]. Specifically, bioprinting can precisely control the 

deposition of material and cells in three-dimensional space. This enables the automated design of 

anatomic structures and the manipulation of cellular microenvironments towards more complex, 

functional tissue constructs [52]. 

Advancing bioprinting requires either better materials that improve cell functions or structural 

properties, or better techniques that improve the resolutions and patterning of said bioinks [53]. As 

such, the bioprinting field has innovated a variety of materials with different mechanical properties, 

crosslinking ability, and cellular interactivity [54]. Similarly, there are different extrusion, inkjet, 

laser-based, and stereolithography techniques with different advantages of resolution, bioink 

compatibility, and flexibility [55]. For additional functionality, bioprinters have also mimicked 

physiological features such as concentration gradients [19,56] and vascularization [16,57].  

To accommodate this variety of bioinks and print techniques, research groups often create purpose-

built bioprinters that suit their specific research needs. Examples include multi-printhead machines 

for multi-material prints [58], a solenoid valve inkjet for micropatterning and gentle dispensing of 

stem cells [20], and temperature controlled printheads that manipulate the mechanical properties of 

thermoplastic materials [59]. This variety of machine designs and features is necessitated by a 

variety in bioprinting challenges. 

However, the barrier of entry into bioprinting is high [60][61]. Custom, feature-rich bioprinters 

typically require specialized knowledge of software and hardware to construct. Meanwhile, 

commercially available alternatives for these machines remain expensive. And while many 

accessible bioprinters exist, they are often limited in functionality. For example, many studies use 

thermoplastic printers modified into motorized syringe extruders. These printers, while inexpensive 

and accessible, are limited to extrusion and single material prints. 

2.1.2 Resolution in Bioprinting 

Native tissues possess functionalities and characteristics that artificial tissues have not yet achieved 

[54]. For example, a major limitation in bioprinting is the lack of vascularization of thick tissues. 

As such, artificial tissues need to be unideally fabricated with negative spaces for nutrient diffusion, 

or risk cell death beyond the limits of diffusion [16]. Channels aside, native tissue is typically 

layered with different types of ECM and cell types. For example, the skin consists of multiple, 

interwoven layers of collagens, elastin, fibrin, embedded small molecules, fibroblasts and more 

[62]. And large diameter blood vessels possess distinct compartments of ECs, ECM-rich basement 

membrane, muscular tissue and connective tissue [63]. Recapitulating such complexity is key to 

representing proper functions for in vitro models and maximizing the healing potential of artificial 

grafts. 

Higher resolutions enable more types of materials and patterns to be compacted into the same space, 

thereby increasing complexity and functionality. As such, the tissue engineering field is constantly 

trying to push the boundaries of resolution in 3D bioprinting. Typically, extrusion bioprinting yields 
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filament diameters of hundreds of microns [64][65][66]. In the context of tissue complexity, this is 

not even enough to meet the diffusion limits of nutrients (100 – 200 μm) [16] let alone mimic the 

complexity of multi-cellular tissue. 

Increasing resolutions in bioprinting typically involves tuning the properties of the material and 

parameters of the print [34]. For extrusion bioprinting, the most popular technique, materials for 

the highest resolution prints are at a low enough viscosity that it is malleable to pressure but a high 

enough viscosity that dispense rates are controllable. The highest resolution materials typically 

crosslink quickly after print or is printed within a support bath [17]. To control resolution via 

extrusion printing parameters, the applied pressure, nozzle diameter, and XYZ stage traverse speed 

need to be optimized [67]. The lower the material flow rate, the lower the filament diameter. 

However, material needs to be flowing at a high enough rate such that it dispenses continuously 

and consistently.   

2.1.3 Junction Resolution in Pressure-Driven Extruders 

A seldom explored issue with pressure-driven extruders is that straight line resolutions are not 

necessarily representative of resolution in constructs of complex geometries. The curves of organ-

like shapes necessitate many line segments which forces XYZ stages to slow down below their 

intended print speed. All the while, pneumatically driven printheads maintain the same dispense 

rates via a constant pressure acting on the reservoir. These transitions between line segments, 

hereby referred to as junctions, necessitate stepper motor operations to slow to a stop then 

reaccelerate while maintaining linear acceleration. As opposed to non-constant stepper motor 

speeds, pressure-driven extruders maintain a constant dispense rate. To my knowledge, only one 

publication has acknowledged this excess material deposition phenomenon with no proposed 

method to mitigate it [61]. However, other publications display this phenomenon with figures of 

their prints which showcase uneven material deposition at junctions [64,65]. 

My proposed methods on improving junction resolutions requires a combination of hardware and 

software optimizations. Hardware optimizations included a stiff frame, which increases junction 

speeds, and high torque motors, which decrease acceleration time. This chapter will discuss 

software optimizations which involve implementation of a junction algorithm enabling the 

maintenance of higher, more consistent speeds around junctions. The physical result causes stepper 

motor operations to slow to non-zero junction speeds, thereby reducing the effects of excess 

material deposition (Figure 2.1). 
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Figure 2.1 Excess material deposition caused by the non-constant movement speed of the XYZ 

stage. A) Velocity profile of stepper motor operations during the transition between line segments. 

As the stepper motor approaches the intersect between line segments, it decelerates to the junction 

speed. After the intersect, it must accelerate to the print speed. The deceleration and acceleration 

below the optimal print speed causes excess material deposition. B) Plot of the printhead trajectory 

and the area affected by excess material deposition. Points 1-3 correspond to the points in Figure 

2.1A. 

 

2.1.4 Software Requirements for High Speed Junctions 

This essential fast junction capability must be custom built for a custom machine. However, even 

the more powerful of plug-and-play microcontrollers are resource limited and cannot perform the 

complex calculations for fast junctions in a timely manner. Herein lies another issue: maintaining 

accessibility while maximizing junction resolution requires innovations to stepper motor control 

software. This custom stepper control software is designed to maintain consistently high speeds 

around long sequences of linear movements. This necessitates that software calculate the highest 

possible junction speeds and incorporate them into movements without interruptions. In the 

resource limited setting of a microcontroller, there are several challenges that must be addressed: 

1. Efficient ∆𝑡 Calculations: Executing linear acceleration for a smooth movement requires 

calculating ∆𝑡 , the time in between steps. There is not enough memory in the 

microcontroller to buffer all ∆𝑡  values, therefore, ∆𝑡  must be calculated in real time. 

Equation S1 calculates the ∆𝑡 values for perfect linear acceleration. 

∆𝑡 = √
2𝑛

𝑎
− √

2(𝑛 − 1)

𝑎
 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.1) 

Where 𝑎 is acceleration and 𝑛 is total step count. 

However, the slow processor of a microcontroller necessitates efficient estimations of ∆𝑡 

values else the calculation time exceeds ∆𝑡 itself and limits the stepper motor maximum 
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speed. Efficient calculations will minimize square roots, floating-point values, and division 

operations; therefore Equation 2.1 cannot be used. 

2. Smooth Movement: Smooth movement via linear acceleration is necessary to maintain the 

precision of stepper motors. This is especially true when the XYZ stage is subject to the 

stresses of above zero junction speeds. 

3. Buffering Movement Parameters: Tool paths of organic shapes typically involve sequences 

of short linear movements. These short movements can be physically executed more 

quickly than that time it takes to process and calculate movement parameters and stall the 

program. When XYZ operations are stalled, consistently high speeds are no maintained 

and excess material deposition occurs. Therefore, the ability to buffer movement 

parameters will better allocate the longer time allowed in longer movements to be used to 

calculate future short movements. Longer buffers require less memory usage for movement 

parameters, which necessitate more information that can be calculated and consumed in 

real time as opposed to stored. 

4. Fast Junctions: A method must be implemented such that slow movement in between linear 

movement transitions are minimized. This must be implemented in such a way that 

maximizes transition speeds with minimal compromise to precision.  

While these issues could be resolved with more powerful microcontrollers, a commercially 

available option is not yet available. The plug-and-play of the Arduino was necessary to maintain 

the affordability and  accessibility of the bioprinter design. Furthermore, its ubiquity and 

corresponding abundance of documentation was instrumental in easing me into an otherwise arcane 

skillset. Moreover, more powerful microcontrollers typically operate at lower voltages. Lower 

voltages are more susceptible to noise, which was already a significant issue that necessitated filters 

given the numerous electronics and compactness of the bioprinter design. Regardless of these issues, 

the more powerful plug-and-play microcontroller is likely not be powerful enough to overcome 

these challenges. 

Current custom bioprinters with even a modicum of atypical features are accompanied by custom 

control software [68] or modified versions of open source software [61]. Typically, the 

requirements for controlling an arbitrary number of pneumatics and actuators, integration with a 

custom language, and other common features prevent generic scientific equipment from being 

sufficient.  

Furthermore, commercially available XYZ stages and controllers are not typically built with this 

fast junction functionality. These functions provide small increases to the operation time while 

increasing the risk of stepper motor slips [69]. Therefore, stages typically designed for precision, 

scientific equipment, and automation do not feature this functionality. Operations that require long 

sequences and movements, such as computer numeric control devices, may very rarely feature this 

function as the cumulative time savings are insignificant. However, even if a software does possess 

such features, none are designed as portable libraries and are, therefore, difficult to integrate with 

custom machines.  

2.1.5 A Lack of Concentration Gradients in Bioprinting 

Concentration gradients play an important role in the cell’s microenvironment by directing various 

cell fates and functions. In vivo, concentration gradients play a critical role in the organization of 

tissue during embryonic development, wound recovery, and vascularization [70–72]. In line with 
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goals of regenerative medicine, recapitulating concentration gradients can provide new techniques 

for guiding the self-assembly and functionalizing of artificial tissue.  

These gradients have been mimicked in a variety of microfluidic devices. However, artificially 

generating these gradients requires systems that expose cells to multiple channels of media, serial 

dilution devices [32], or the patterning of multiple materials of different concentrations [19]. Hence, 

concentration gradients have been demonstrated with very few bioprinting studies. Furthermore, 

these techniques are complex with a limited choice of geometries of the gradients and the 

containing structures which is counter to the appeal of bioprinting. 

Applying concentration gradients while retaining the flexibility of bioprinting would allow the field 

of regenerative medicine to better recapitulate the microenvironment of native tissues and integrate 

those environments into scalable, artificial tissue. This necessitates a new bioprinting technique 

and machinery to support it. 

2.1.6 A Need for a Better Bioprinter, ModiPrint 

These issues of accessibility, resolution, and concentration gradients can collectively be resolved 

with improvements to bioprinting hardware and software.  

Here, I present ModiPrint, an open-source bioprinting system that is both accessible and feature-

rich. It features a modular, open-ended design with multiple printhead types and printheads 

mounted on independent Z actuators. The build is compact enough to fit within the sterile confines 

of a biosafety cabinet and viably dispense hiPSC. The design consists entirely of inexpensive, 

commercially available parts, with our own 4 printhead system costing under $4,000 (not including 

the cost of our own commercialized firmware). All operation is guided by an easy to use, custom 

GUI-based desktop software that is integrated with open source slicing software. 

I demonstrate that ModiPrint can produce high resolution, 100 μm alginate filaments. I improve 

the resolution around corners with software and hardware features that allow for high accelerations 

and fast cornering. A novel stepper control program allowed me to leverage these features even on 

a resource limited microcontroller. 

Finally, I created a new technique that is enabled by ModiPrint’s combination of extrusion and 

drop-on-demand printing styles. It is capable of embedding 3D small molecule concentration 

gradients of any geometry into a hydrogel patterned in any geometry. 

 

2.2 Materials & Methods 
 

2.2.1 Design Criteria  

This bioprinter was initially intended as a custom device for our lab. I sought to create a multi-

material bioprinter that’s gentle enough to print pluripotent stem cells. Operation with live cells 

necessitated a compact build that could fit within the confines fo a biosafety cabinet. It needed to 

print complex geometries which required integration with computer aided design. It needed to be 

able to manipulate the microenvironment of printed cells which manifested as novel features that 

improved resolution and generated ceoncentration gradients. Altogether, these custom features 

necessitated a highly custom desktop control program and embedded software.  
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The suite of custom features required the hardware to deviate from typically-used scientific 

equipment. Instead, the hardware was built with generic components from vendors such as 

Openbuilds and McMaster Carr. I realized that this machine could be built purely from 

commercially availbile parts, making it well suited to be an affordable, open source device that 

other groups can replicate. This necessitated thorough documentation for the open source model 

and for other members of my lab to operate the device after my leave. 

2.2.2 Hardware Design  

Before assembly, the bioprinter’s design was built in the CAD program, Sketchup using 3D models 

of commercially available parts that were provided by the vendor or drawn by me. Almost always, 

the design process was an iterative loop of CAD design followed by physical assembly, then 

redesign and reassembly.   

ModiPrint’s structural frame and many actuators are a custom arrangement using modular, V-slot 

based hardware primarily sourced from Openbuilds. The pneumatic circuitry and control are 

sourced from many different manufacturers and drives precision dispensing components from 

Pneumadyne, Nordson EFD, and The Lee Co. Other miscellaneous generic components were 

sourced from McMaster Carr and other vendors. The electronics suite is built around an Arduino 

MEGA with various easy to wire drivers and power sources. All parts are commercially available 

components. 

The assembly process consisted of simple tools such as Allen wrenches, taps attached to power 

tools, wrenches, basic soldering equipment, etc. 

2.2.3 Software Design 

ModiPrint’s software suite consists of a custom GUI-based desktop program that streams 

programming language to a custom microcontroller program. The final desktop program was 

designed in the Visual Studio 2017 IDE (integrated development environment) and written in C# 

using the .NET Framework 2.5 and Windows Presentation Foundry. Earlier iterations used 

WinForm. The final microcontroller program was designed in Atmel Studio 6.0 and written in C. 

Earlier iterations were designed in the Arduino IDE. The codebase was built with an emphasis on 

clean design for readability and ease of edit. Therefore, the desktop program was written with the 

Model-View-Viewmodel architectural pattern and all code is thoroughly commented and adheres 

to Object-Oriented Programming standards as best as possible.  

2.2.4 Documentation 

All documentation for hardware assembly, operations guides, and source code for software is 

accessible online (www.modiprint.com/documentation). The user guide was designed in Word. 

Hardware assembly is guided by 3D models produced in Sketchup. Wiring and pneumatics 

diagrams were created in PowerPoint. The parts list consists of a macro-based price calculator 

written in Visual Basic for Applications built in Excel.  

2.2.5 Stepper Control Equation Simulations 

Error calculations of each ∆𝑡 equation is done in Excel. Simulations of the calculation speeds and 

verification of each error equation is done with Atmel Studio’s virtual simulation tools. 

www.modiprint.com/documentation
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2.2.6 Preparation of Hydrogel and FRESH Support Bath 

Alginate solution, 2% (w/v), was prepared by gently stirring alginic acid powder (Sigma 180947) 

with phosphate buffered saline (PBS) at 65°C. FITC-labelled alginate was created by mixing 0.1% 

(w/v) FITC powder (Sigma) with 2% alginate solution at room temperature. For viable prints, 2% 

RGD-linked alginate was used (NovaMatrix VLVG GRGDSP). To visualize the material, food 

coloring is sometimes suspended within the solubilized alginate. 

All prints in this study used the freeform reversible embedding of suspended hydrogels (FRESH) 

gelatin support bath which was created according to the protocols of Hinton et al. [15] 4.5% (w/v) 

gelatin solution was created by gently stirring gelatin powder (Difco) with 11 mM CaCl2 (Sigma) 

in deionized water at 65°C. 30% of a 16 ounce mason jar was filled with the gelatin solution and 

solidified at 4°C overnight. The resulting gelatin puck was separated from its container and the 

mason jar was filled with 11mM CaCl2 solution before chilling at -20°C for ~40 minutes. The 

chilled contents of the mason jar were blended in an Oster Beehive blender (Oster) for 2 minutes. 

The resulting gelatin particle solution was centrifuged at -5°C at 3000G for 4 minutes. The 

supernatant was aspirated, and the gelatin particles were washed once with 11 mM CaCl2. The 

modification to the original protocol is that the support bath is cooled at 4°C for 24 hours before 

plating. Plated support baths are centrifuged at 1500G to evenly distribute the gelatin particles 

across the plate. 

2.2.7 Bioprinting Process 

3D models were designed in AutoCAD 2017 or taken from Free3D and converted to g-code via 

Slic3r 1.3.0. Some g-code used for 2-dimensional prints were written by hand. G-code was further 

processed with our custom desktop program to generate the custom commands language that is 

streamed to the microcontroller.  

Only high-resolution parameters that generate ~100 μm diameter filaments were used in study. For 

the pneumatic extruder dispensing normal alginate, these parameters were 12 mm/s print speed, 

2000 mm/s2 acceleration, a 0.01 junction deviation, and a 100 μm inner diameter chamfered nozzle 

(Nordson EFD). As RGD-linked alginate was less viscous, pressure was decreased to 3 psi and 

print speed increased to 25 mm/s to maintain high resolutions.  

For generating concentration gradients, the microdispensing inkjet used ModiPrint software 

parameters of 500 μm droplet spacing and an exponential gradient with 35% strength, along with 

5 psi, and a 100 μm inner diameter nozzle (The Lee Co.). 

All prints were performed at room temperature with a 4°C. FRESH support bath. The petri dish 

containing the support bath is secured to the print surface. The print sequence begins immediately 

after the nozzle moves to starting position. Embedded constructs were placed in a 37°C incubator 

until the support bath was fully dissolved. Dissolved baths are aspirated, and printed constructs are 

washed with PBS before culture or analysis. 

To achieve sterile prints, the bioprinter was moved inside a laminar flow biosafety cabinet. The 

bioprinter was exposed to UV light for 5 minutes before being thoroughly wiped with 70% ethanol. 

All syringe and nozzle components directly in contact with the hydrogel and cells were autoclaved. 

A HEPA filter was installed upstream of the syringe barrel and all pneumatic circuitry downstream 

of the HEPA filter was autoclaved. 
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2.2.8 Imaging and Resolution Characterization 

Characterization of alginate filament resolution was performed with an inverted phase contrast 

microscope (Fisher Scientific) and measurements were performed with the imaging software’s 

(Micron, Westover Scientific) digital measurement tools. Fluorescent images were taken with an 

epifluorescence microscope (Nikon TEU-2000) and NIS Elements AR 3.2. 

2.2.9 Cell Culture and Fluorescent Staining 

DF-10-0-7T human induced pluripotent stem cells (hiPSCs, WiCell) were cultured with mTeSR1 

without antibiotics (Stem Cell Technologies) on a substrate of human embryonic stem cell (ESC)-

Qualified Matrigel (Corning) at 37℃ under 5% CO2. Culture medium was refreshed every day and 

cells were sub-cultured every 3-4 days using Accutase (Stem Cell Technologies) as the lifting 

reagent. Printed hiPSCs were similarly maintained with daily refreshment of mTeSR1 at 37°C 

under 5% CO2. 

Human iPSCs were fluorescently-labelled immediately before printing with CellTracker Green 

(Invitrogen) according to manufacturer recommendations. Viability assays were performed with 

LIVE/DEAD Kit for Mammalian Cells (Invitrogen) after washing printed structures with PBS and 

in accordance to manufacturer protocol. Viability assays were not performed with fluorescently-

labelled hiPSC. 

For flow cytometry, printed hiPSCs were first dissolved with a solution of 50 mM trisodium citrate 

dihydrate (Sigma) and 104 mM sodium chloride (Sigma) in PBS for 10 minutes in 37C, then cell 

clumps were dissociated with Accutase (Stem Cell Technologies) for 5 minutes at 37°C. 

2.2.10 Statistical Significance 

All statistical significance was performed with unpaired, two-tailed, heteroscedastic, student’s t-

Tests. 

 

2.3 Results & Discussion 

 

2.3.1 Design of ModiPrint 

 

2.3.1.1 A Failed First Iteration  

The first iteration of the custom bioprinter was based around the work of Faulkner-Jones et al. [73] 

who reported the first viable printing of hiPSC. They used fast acting, microdispensing VHS 

solenoid valves from The Lee Co. which dispenses with mild pressure and no other unnecessary 

forces. Therefore, I sought to build a multi-printhead bioprinter based around the VHS valve from 

The Lee Co. 

The very poorly conceived design used a stripped PrintrBot as the XYZ stage. The thermoplastic 

extruder and electronic drivers were removed to accommodate modifications. DRV8825 stepper 

motor drivers replaced the removed drivers and a VHS valve was mounted in place of the 

thermoplastic extruder. However, mounting 4 printheads was not feasible as the PrintrBot was too 

small as a platform. Furthermore, the PrintrBot had subpar resolutions of 60 µm which did not fit 

the criteria of micropatterning. 



13 

 

 

 

The software to control the new device consisted of two parts: a desktop program and a 

microcontroller program. The desktop program was a GUI-based program written in C# using 

the .NET framework and WinForms. Although this program necessarily required a sizeable code 

base, I did not follow standards for creating scalable code. Quickly, this program devolved into a 

spaghetti of untenable bugs and scaling issues and had to be abandoned. 

The microcontroller program was created with the Arduino library and controlled stepper motors 

with AccelStepper. The AccelStepper library had severe limitations in controlling stepper 

movement (detailed in Chapter 4). Particularly, AccelStepper was severely limited in its ability to 

drive stepper motors at sufficient speed. Furthermore, AccelStepper had no support for 

synchronizing multi-stepper movement. 

Altogether, the first design was necessarily scrapped. A major design flaw was the overreliance on 

prebuilt components for a highly custom device. The next iteration, named ModiPrint, uses more 

custom arrangements for specialized features and better coding practices. Each aspect of ModiPrint 

was designed from scratch to accommodate the multitude of specialized features. To retain the ease 

of accessibility, all parts are commercially available with little modification required. 

  

 

Figure 2.2 Simplified diagram of the 1st iteration of the bioprinter design. Sliced computer-aided 

design (CAD) models are streamed to custom control software which operate a pressurized, valve-

operated reservoir and XYZ stage synchronously. 
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2.3.1.2 XYZ Stage Design 

ModiPrint’s XYZ stage is a custom design that is built primarily with modular V-slot components 

from Openbuilds. These V-slots enabled the many components of the bioprinter to be mounted at 

almost any location, improving the ease of assembly and accessibility of the design. 

After several iterations, the final design uses two parallel Y actuators that acts are the bioprinter’s 

structural frame and carries the heavy load of an elevated X actuator and a variable number of Z 

actuators (Figure 2.3A). While typical XYZ stage designs would give one or more planes of 

movement to the print surface, ModiPrint directs all movement to the printheads. This decouples 

potentially jerky movements from disturbing the printed material. Unlike conventional 3D printers, 

a bioprinter’s printed material is comparatively soft and mechanically unstable. Therefore, this 

design prevents printed materials from being disturbed by XYZ stage movement. 

The Z actuators are a custom design that uses Openbuilds parts but an arrangement unintended by 

the vendor (Figure 2.3B). The result is a very compact Z actuator with a width of ~60 mm. This 

was necessary because a multi-material bioprinter printing within the confines of a walled container 

(i.e. a petri dish) requires multiple printheads mounted on independent Z actuators. The multiple Z 

actuators must be compact else the bioprinter’s frame would not fit within the sterile confines of a 

biosafety cabinet (Figure 2.3C). The total dimension of the bioprinter is less than 600 mm width 

by 600 mm length by 700 mm height. 

 

Figure 2.3 Design of the XYZ Stage. A) CAD model of the bioprinter. B) Image of the CAD of the 

Z actuator. C) Image of the bioprinter within the compact, sterile environment of a biosafety 

cabinet. 

 

2.3.1.3 Printheads Design 

ModiPrint’s software supports the use of motor-driven printheads and valve-based printheads. I 

have designed and physically constructed two valve-based printheads, the pneumatic extruder and 

microdispensing inkjet, but have no designs for motor-driven printheads.  

The pneumatic extruder is a pressure-driven extrusion printhead inspired by the precision 

dispensers of Nordson EFD (Figures 2.4A and 2.4B). The material rests within a disposable 

syringe barrel downstream of a 3/2 solenoid valve. In the ON state, the solenoid valve redirects a 
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pressurized gas source through a filter and into the syringe barrel. The pressurized syringe barrel 

dispenses material through a nozzle that is directly attached to the syringe barrel. In the OFF state, 

the solenoid valve exposes the syringe barrel to a vacuum source. This ensures that the printhead 

ceases dispensing immediately upon signal cutoff, and while idle, does not leak less viscous fluids.  

The pneumatic extruder was designed for extrusion bioprinting of viscous materials. Downstream 

of the solenoid valve, every component is autoclavable and the pneumatics can fit a high efficiency 

particulate air (HEPA) filter (Figure 2.4G). As a result, this printhead can be adapted for sterile 

prints. A key feature of this printhead is the ability to modulate input pressure and print with single 

digit psi pressures. Furthermore, dead volume is minimized as the material reservoir is directly 

adjacent to the point of dispensing. This allows for the gently dispensing and minimization of shear 

forces to printed cells [20]. 

The microdispensing inkjet consists of a fast-acting, two-way VHS series solenoid valve from The 

Lee Co. directly downstream of a syringe barrel material reservoir (Figure 2.4C and 2.4D). This 

solenoid valve has a minimum open-close cycle time of single digit microseconds. This enables the 

valve to dispense miniscule volumes of fluids reported as low as the nanoliter range [73]. 

The microdispensing inkjet was designed for droplet bioprinting of low viscosity or aqueous 

materials. While the VHS solenoid valve cannot be autoclaved, it can be flushed with bleach or 

ethanol, much like the sterilization process of a flow cytometer. More importantly, the low droplet 

volumes enable the concentration gradient feature (to be discussed in Chapter 3) or other forms of 

micropatterning. 
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Figure 2.4 Design and showcase of ModiPrint’s valve-based printheads. A) CAD model of the 

pneumatic extruder. B) Diagram of the pneumatic extruder’s pneumatic circuitry and primary 

components. C) Diagram of the microdispensing inkjet’s pneumatic circuitry and primary 

components. D) CAD model of the microdispensing inkjet. E) Multi-material extrusion printing of 

dyed alginate in a sacrificial scaffold using the pneumatic extruder. F) Droplet printing of an 

aqueous solution using the microdispensing inkjet. G) Autoclavable components of the pneumatic 

extruder. 

 

2.3.1.4 Electronic & Pneumatic Circuitry  

ModiPrint drives its hardware components with generic, plug-and-play drivers. The pneumatic 

circuitry also uses generic parts in line with the theme of affordable cost and ease of accessibility. 

Although most connections are easily screwed or plugged into their designated connections, there 

is a significant amount of splicing and soldering required for this custom circuitry. 

At the heart of the bioprinter is a microcontroller with custom control software. 5V signals originate 

from this controller based on a custom programming language streamed from a desktop program. 

These 5V signals control the actions of various drivers which draws power from various power 

supplies to operate solenoid valves, stepper motors, and limit switches. 

For stepper motor operation, the microcontroller sends pulses to a stepper driver where each pulse 

drives a single step of the motor. The driver is a two-phase hybrid driver powered by a 24V, 14A 

power source. For the X and Y actuators, it drives a 4 wire, bi-polar NEMA 23 stepper motor with 

a 1.8 step angle and a high 345 oz-in of torque. The high torque is a necessary part of the design to 

retain high resolutions in geometrically complex prints (detailed in Chapter 2.3). For the Z actuators, 

the stepper driver drivers a 4 wire, bi-polar NEMA 17 stepper motor with a more precise 0.9 step 

angle and 68 oz-in of torque. This higher precision stepper motor allows for a higher resolution in 

the Z axis as extruded filaments often sag and have a thinner height than width. With 1/8th 

microstepping, Z actuators have a theoretical resolution of 5 µm whereas XY have 10 µm.    

The 3/2 solenoid valve of the pneumatic extruder printhead receives simply toggles states based on 

a 24V (ON) or 0V (OFF) signal. To translate the 5V signal of the microcontroller to a 24V signal, 

the 5V signal first passes through a MOSFET driver. The driver redirects the power from a 24V 

power source to the solenoid valve only when the driver has received a 5V signal from the 

microcontroller. To avoid damaging the solenoid valve, a lower amperage (1A) power source is 

connected to the MOSFET drivers. 

The VHS solenoid valve of the microdispensing inkjet must be driven by a spike and hold driver 

that outputs a specialized waveform. The spike and hold driver, alike the MOSFET driver, only 

toggles the solenoid valve to the ON state upon receiving a 5V signal from the microcontroller. It 

also redirects power from a 24V, 1A power source during this OFF to ON transition. However, it 

quickly lowers the operating voltage by redirecting to a much lower voltage (3.2V – 2.5V) power 

source to prevent damage to the sensitive valve. This lower power source is supplied by the 

microcontroller’s 5V reference voltage after translation to a lower voltage via an adjustable 

converter. 

Each printhead is operated by different gas pressures as each material may have different 

dispensing requirements. Therefore, each solenoid valve is connected to a different gauge. All 
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pressure gauges take an input pressure from a manifold which takes its input pressure from an 

outside source. A single vacuum can universally operate all pneumatic extruders, even if each 

printhead is loaded with different materials of varying viscosities. Therefore, all solenoid valves 

vacuum inputs come from a manifold which takes its input vacuum from a single vacuum gauge 

which takes its input from an outside source. All manifolds are mounted behind the X actuator and 

all gauges are easily accessible below the X actuator. 

Limit switches are placed at the ends of each actuator. While the limit switch is not pressed, the 

circuit redirects the microcontroller’s 5V reference voltage back to one of its GPIO pins. When 

pressed, the limit switches return a grounded (0V) signal whereby the microcontroller ceases 

stepper motor operations. The McCloskey lab’s bioprinter features 8 actuators, 3 3/2 solenoid 

valves, 1 VHS solenoid valve, and 10 limit switches with accompanying drivers and power sources 

within compact dimensions. This poses a signal processing challenge where adjacent electronics 

create noise for limit switch inputs. Therefore, passive high pass filters are installed within each 

limit switch circuit. 

With this amount of equipment, the bioprinter requires hundreds of wires and tubing. Given the 

compact dimensions of this device, these connections must remain organized, especially during 

operation where large sections of the bioprinter is moving. As such, for all equipment that is 

mounted on the X actuator, their wires and tubing passes through two drag chains to the electronics 

compartment underneath the print surface. For safety, all power supplies are connected a wall outlet 

via a generic power strip that is mounted conveniently on the device. A press of the power strip’s 

activation switch will deactivate or power all components of the bioprinter. 

All electronic and pneumatic wiring diagrams can be found in the user guide. 

 

2.3.1.5 Desktop Software Design 

ModiPrint’s desktop software was written in C# using the .NET Framework 2.5 and Windows 

Presentation Foundry. In this sizeable codebase, debugging and scalability issues were present in 

the first iteration. To avoid these issues, ModiPrint’s software follows the Model-View-ViewModel 

structure which enforces object-oriented programming conventions. 

ModiPrint’s desktop program serves several primary functions: 

1. Takes g-code inputs and translates them into ModiPrint’s custom programming language. 

2. Takes user inputs for operation of the bioprinter. 

3. Streams ModiPrint’s custom programming language to the microcontroller.  

4. Relays information from the microcontroller to the user. 

A major function of the desktop program is to serve an intermediary between the translation of a 

CAD model and ModiPrint’s hardware execution (Figure 2.5A). At the start of this workflow, 

users create a CAD model with the CAD program of their choice and convert it to g-code via a 

variety of other open source slicing software. ModiPrint’s desktop program is fully compatible with 

the RepRap flavor of these g-code outputs and can therefore fully integrate with the features of 

these slicing tools. ModiPrint’s desktop program can then generate ModiPrint’s custom 

programming language based on the g-code and user inputs. These ModiPrint messages enable 

special features (droplet printing, concentration gradients, control of multiple Z actuators) and are 
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streamed, in real time during operation, to the microcontroller. The microcontroller then interprets 

these ModiPrint messages and signals the hardware to act.   

This workflow is necessary for the user to print geometries that is otherwise impossible due to the 

complexities of generating tool paths. ModiPrint’s custom programming language also possess 

special features that enable the user to write their own tool paths for simple geometries or 

specialized prints where slicing tools are inapplicable. 

ModiPrint is intended to be modular and customizable by the user. Therefore, the desktop program 

can accommodate a variety hardware designs and print parameters (Figure 2.5B). To do so, it 

allows the user to specify any number of printheads, whether each printhead is motor-driven or 

valve-based, and operating parameters for each printhead as well as the XYZ stage. It also allows 

the user to specify a variety of print parameters such as print speeds, print styles (extrusion vs. 

droplet printing), and tool path. It also offers the user a control panel for setup, manual operation, 

and calibration that also displays information such status information and return messages from the 

microcontroller (Figure 2.5C). 

The graphical user interface (GUI) was written in XAML and created within WPF. The color 

scheme was inspired by the dark color themes found in many IDEs and heavily integrated with my 

favorite color, turquoise. The user guide follows a matching, whimsical theme. 

As much as possible, the GUI was designed to be intuitive. For example, many buttons and features 

are hidden or disabled until operations reach the point of their relevancy. Tooltips are embedded 

within every button, giving a short explanation for the user. To keep the GUI responsive, lengthy 

background features, such as serial communications and g-code conversion, is offloaded to a new 

thread. Ease-of-use was iteratively improved with feedback from non-engineer members of the lab. 

 

 

Figure 2.5 A) Diagram of ModiPrint’s software workflow that translates CAD models into machine 

operation. B) Screenshot of ModiPrint’s desktop program’s print settings menu and C) control 

panel. 
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2.3.1.6 Microcontroller Software Design 

The microcontroller program was written in Atmel Studio 3.0 and written in C using Atmel and C 

standard libraries. In its first iteration, there were performance issues caused by an inefficient 

program being run on a resource-limited microcontroller. Therefore, ModiPrint’s microcontroller 

software is written with a focus on resource efficiency. 

ModiPrint’s microcontroller program aims to translate a custom programming language streamed 

from the desktop program into signals for hardware operations. If the program does not calculate 

signal timings in a timely manner, hardware operations will stall and have adverse effects on print 

quality. Furthermore, the XYZ stage must maintain high speeds in between linear movements to 

reduce excess material deposition (detailed in Chapter 3) which necessitates the software 

implementation of high XYZ stage speeds around junctions. Fast calculations required a novel 

stepper control algorithm that approximates linear acceleration (detailed in Chapter 4). 

ModiPrint’s microcontroller program requires a way to communicate the with desktop program 

that streams messages, buffering systems to store those messages, the ability to parse and interpret 

the messages, functions to calculate stepper movement, and an efficient stepper movement protocol. 

As the novel stepper control algorithm necessitates a different form of data buffering from other 

comparable open-source software, these components needed to be rebuilt from scratch. 

All these processes act asynchronously and necessitate what is essentially multi-threading on 

hardware and frameworks that do not support it. Fortunately, Atmega’s hardware features timers 

which can be programmed to execute functions when a hardware timer counts to a programmed 

number of cycles. This feature devolves the program into a spaghetti of triggers that loops the 

execution of various protocols (Figure 2.6). 

The asynchronous protocols and their features have the following priorities where lower numbers 

are executed before higher numbers: 

1. Pause Protocol: Protocol to halt all operations for a specified time. 

2. Stepper Operation 1: Protocol to calculate ∆𝑡, rasterize stepper movement, and execute 

stepper movements from a movement buffer. 

3. Stepper Operation 2: Protocol that follows Stepper Control 1 to turn off step pins. 

4. Serial Communication: Handles receiving and sending data. Receive functions are 

executed when incoming data is present in the serial buffer. Send functions are executed 

when other protocols necessitate the sending of data. 

5. Valve Control: Controls valve operations that are independent of printing and movement. 

6. Main Loop: Responsible for parsing and interpreting incoming messages as well as 

checking system flags and buffers during idle time. 
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Figure 2.6 Diagram representing the various asynchronous processes of the microcontroller 

program. 

 

2.3.1.7 Serial Communication Protocol 

ModiPrint’s desktop program and microcontroller program can stream hundreds of messages every 

second via serial communication. This necessarily occurs during hardware operations as the 

microcontroller has limited memory and must receive and interpret information for a print sequence 

in pieces. This well-optimized serial communication protocol is necessary to prevent stalls during 

printing which can lead to the unwanted deposition of excess material. 

Microcontroller Serial Communication Protocol 

The serial communication protocol is one of the self-contained, asynchronous processes in this 

microcontroller program. Its primary purpose is to communicate with the desktop program, either 

to receive new messages or to signal that certain protocols have been executed.  

In the case that a new message is received, a message received protocol fires asynchronously to 

store the next serial byte into a serial incoming message ring buffer. If there are no other time 

sensitive operations to perform, the message received protocol will loop until the serial 

communication buffer in the hardware is transferred byte by byte to the RAM.  

In the case that a new message needs to be sent by the microcontroller, a send message protocol 

fires within the main protocol. The message in question is stored into a serial outgoing message 

ring buffer and a timer is primed to fire whenever the serial communication hardware is ready to 

send another byte. This timer’s protocol consumes the serial outgoing message ring buffer and shuts 

itself off when the ring buffer is empty. 



21 

 

 

 

To prevent multiple timers from overwriting the outgoing message ring buffer, only the main 

protocol can access the buffer. If a protocol outside the main protocol needs to call serial 

communications, they store their message in other buffers. The main protocol, when idle, transfers 

these other buffers to the primary buffer and executes the serial communication protocol. 

Desktop Serial Communication Protocol 

The desktop program has a similarly self-contained, asynchronous process. Unlike the 

microcontroller, the basic process of streaming messages is made easier by the .NET framework. 

To prevent overwhelming the microcontroller, the desktop program only sends messages if the 

microcontroller program signals that it is ready to receive a message. This ensures that the 

microcontroller’s buffer is filled as much as possible without overflow and loss of data. 

Whereas the microcontroller controls the pace of this process based on hardware requirements, the 

desktop program controls the pace based on user inputs for starting, pausing, resuming and aborting 

serial communications (and consequently, hardware operations). Starting and resuming simply 

begins the back and forth stream of messages. Pausing stops the streams and sends a message which 

tells the microcontroller to halt its operations as soon as hardware operations allow. Aborting sends 

a message to the microcontroller stops the streaming process immediately and both programs clear 

their buffers and message queues. 

 

Figure 2.7 Diagram of ModiPrint’s serial communication protocol. 
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2.3.1.8 Stepper Control Protocol 

Stepper operation needs to be calculated and executed in real time as the microcontroller does not 

have the memory to store all ∆𝑡 values. Preparations for each stepper movement also cannot be 

stored because of the same issue, but unlike the stepper control itself, the preparations can occur in 

a separate asynchronous operation which I will refer to as the prepper. 

A major function of the prepper is to ensure that move multiple steppers simultaneously, which is 

required to drive the diagonal movements necessary for 3D printing. If the program is to feature 

the modularity of tunable max speed and acceleration parameters for each motor, then the program 

must normalize the velocity profile of each motor such that acceleration, cruise, and deceleration 

happens simultaneously without exceeding maximum speed and acceleration parameters. This 

creates diagonal movement between multiple stepper motors even though each motor has variable 

distances for movement. 

 

Figure 2.8 Diagram depicting the normalization of stepper motor velocity profiles. 

Normalizing these velocity profiles and preparing for real time stepper movement requires the 

following steps: 

1. Determine the stepper that will move the greatest number of steps (AKA leading stepper). 

The stepper control protocol will drive this stepper and all other steppers will follow this 

stepper in a manner determined by rasterization. 

2. Determine speed and acceleration values of the entire movement and the leading stepper 

as limited by the slowest moving stepper.  

3. Determine the velocity profile of the movement such that enough distance is allocated for 

full deceleration to the exit speed while maintaining the highest speeds possible. 

4. Determine the initial values required to calculate ∆𝑡 in real time. 

These parameters are stored in a ring buffer which I will refer to as the movement buffer. The 

movement buffer is consumed by the stepper operation protocol. In between execution of individual 

steps, the prepper repeats its protocol and yields its priority if stepper operations so require. These 

normalization calculations must also be performed in the desktop program as the desktop program 

must calculate the parameter of junction speed and stream it to the microcontroller. 

The stepper operation protocol operations with a repeating timer. This timer triggers the execution 

of the stepper operation protocol at the frequency specified by the ∆𝑡 value. Therefore, the stepper 

operation protocol, while time sensitive, is not always in operation. The time ∆𝑡  that is spent 

waiting for the next step is used to perform other operations, including use of the prepper for future 

movements. Each loop of the protocol consumes data from the prepper to perform the following: 
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1. Rasterizes multi-stepper movement via the Bresenham algorithm. 

2. Checks is the stepper motor needs to step or if a corresponding limit switch is hit and 

accordingly sets the motor’s corresponding step pin. 

3. Set the second stepper operation protocol to fire. This secondary operation simply sets the 

state of the previously set step pin to low. This operation occurs at a time interval set by 

the user. 

4. Calculate ∆𝑡 for the next step. 

5. Determine if the protocol needs to move to cruise or deceleration based on the velocity 

profile calculated in the prepper.  

6. If a limit switch was hit, pause operations, and communicate the status to the desktop 

program. 

7. Set this stepper operation to fire again after interval ∆𝑡. 

 

2.3.1.9 G-code Conversion & Custom Programming Language 

ModiPrint’s desktop program facilitates the workflow from CAD models to machine execution by 

converting g-code to ModiPrint’s specialized programming language. ModiPrint’s desktop 

program uses print parameters as specified by the user and matches these parameters to sets of tool 

path g-code lines. On reading printing and moving g-code lines, ModiPrint’s desktop program will 

directly convert these lines to its specialized language. After converting the entire file, ModiPrint’s 

desktop program reads over all movement-based lines again to attach junction speed parameters. 

An overview of how g-code is converted to ModiPrint’s specialized language is detailed in Table 

2.1. A thorough documentation of how this language works, with examples, can be found in the 

documentation. 
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Table 2.1 Conversion chart of g-code to ModiPrint’s custom programming language. 

 

 

Table 2.1 details the part of the custom programming language used in print sequences and 

ModiPrint’s workflow. However, manual user commands require additional lines detailed in Table 

2.3. Not included in either table are the returns for error handling and specific returns associated 

with each of ModiPrint’s lines in Table 2.1. 
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Table 2.2 Additional commands and returns from ModiPrint’s custom programming language. 

 

 

2.3.1.10 Documentation 

ModiPrint is thoroughly documented with the intent that users be able to easily assemble their own 

bioprinter and operate it to the fullest ability of its feature set. The documentation, which can be 

found at  www.modiprint.com/documentation, contains: 

1. Hardware assembly instructions with accompanying 3D models, wiring diagrams, and 

pneumatics diagrams. 

2. Hardware modification guide. 

3. Excel parts list calculator with pricing and links to all components. 

4. Operations guide for ModiPrint’s desktop program. 

5. Guide on generating g-code tool paths for use with ModiPrint’s desktop program. 

6. Documentation of the machine code that is streamed to the microcontroller software. 

7. Operations and parts selection guide for dispensing components.  

8. Example protocol for achieving sterile prints. 

9. Example protocol for fabricating the FRESH support bath. 

10. Example protocols for calibration, characterizing resolution, optimizing print quality, and 

generating concentration gradients. 

http://www.modiprint.com/documentation
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In total, the user guide consists of a 100 page+ manual with dozens of supplemental CAD, tool 

path, and other files.  

 

Figure 2.9 Images from the ModiPrint user guide. A) Diagram detailing the effects of program 

parameters on droplet tool paths. B) Image of the interactive 3D model detailing the attachment of 

the drag chain and pneumatics to the X actuator. C) Representative image from the software 

operations section of the user guide. D) Wiring diagram for the microdispensing inkjet. E) A 

representative page of the user guide. 

 

2.3.1.11 Commercialization 

Alongside fellow graduate student Rachel Hatano (who coined the name ModiPrint) and my PI 

Kara McCloskey, we acquired a $50,000 NSF I-Corps grant to conduct customer discovery for 

ModiPrint. With the help from our industry mentor, Elliot Botvinick, we interviewed over 100 

members of the biotech industry. Interviewees included engineers, scientists, customer service 

personnel, lab directors, and CEOs representing small startups to large pharmaceutical corporations.  

Our objective in these interviews was to determine pain points in operations of potential customers. 

To our surprise, despite the attrition rates of clinical trials, few interviewees in the pharmaceutical 

sector was using 3D tissue models to improve the pre-clinical screening process, let alone interested 

in bioprinting. There were adjacent needs that ModiPrint’s technology could potentially pivot 

towards, such as the need for more easily programmed automation and more robust technology 

transfers to contract research organizations. But ModiPrint was not designed for these needs and 

adapting the technology may be too difficult. While the enterprise market was not a good fit, the 

few academic researchers we interviewed were excited by the idea of an affordable, multi-material 

bioprinter. 

Therefore, ModiPrint was launched as an online business to service the academic market 

(www.modiprint.com). Leveraging the open source, DIY hardware design, ModiPrint runs on a 

partially open source model. Users are expected to acquire and recreate the system on their own 

and operate it with my open source desktop software and user guide, but they acquire the 

A B

C D

E

www.modiprint.com
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proprietary firmware for a nominal cost. This perfectly suits the academic market which can absorb 

the extra needed assembly time with the excess manpower of students and acquire an affordable, 

highly customizable bioprinter that is suited to their specific research. 

  

2.3.2 Stepper Control Optimizations for High Resolution Bioprinting 

 

2.3.2.1 AccelStepper & Taylor Approximation 

The first iteration of the microcontroller used an Arduino MEGA with embedded software that used 

the Arduino library [74] and AccelStepper library [75] and was programmed in C with the Arduino 

IDE. These libraries were initially chosen for their ease of use, as I was, at the time, not yet 

proficient in embedded programming. The Arduino library was necessary to establish a serial 

communication with the C#-based desktop program that processed g-code and streamed the custom 

programming language to the microcontroller. The C standard and Arduino libraries were used to 

parse then interpret the received messages. The AccelStepper library was necessary to execute these 

messages in the form of stepper motor movements. 

However, it was soon apparent that AccelStepper had severe limitations for stepper control. The 

first limitation was its dependence on the Arduino library. The Arduino library automatically 

initializes unnecessary background processes which slow down the operations of AccelStepper. 

Furthermore, AccelStepper uses Arduino functions to control general purpose input output (GPIO) 

pin output which are orders of magnitude slower compared to the Atmega library or assembly code. 

In general, AccelStepper and the Arduino library sacrifices performance for ease-of-design which 

runs contrary to my design criteria. The result is that AccelStepper could not calculate ∆𝑡 in a 

timely manner an inhibited the maximum speed of the stepper motors. 

I attempted to decouple AccelStepper’s stepper algorithm from the costly functions of the Arduino 

library. AccelStepper estimates ∆𝑡  using an approximation of the Taylor Series, a method 

originally proposed by Embedded (Equation 2.2) [76].  

∆𝑡𝑛+1 = ∆𝑡𝑛 −
2∆𝑡𝑛

4𝑛 + 1
  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.2) 

Where n is the total step count. 

A custom stepper control program was built around  Equation 2.2 using Atmel Studio and Atmega 

libraries as opposed to Arduino tools. Equation 2.2 was originally intended to be used where ∆𝑡 is 

a floating-point value. With floating-point values, the equation produces ∆𝑡 values with almost no 

error compared to the ideal Equation 2.1 (Figure 2.10A). Simulations within the stepper control 

software shows that it takes the Atmega2560 processor an average of 775 clock cycles to execute 

the equation. This equation would account for nearly half of the timer loop that executes stepper 

movement, where the rest of the execution takes on average 870 cycles. 

The possibility of improving the equation’s speed by using an integer data type for ∆𝑡 was also 

explored as it reduces calculation times. An integer data type for ∆𝑡 produces cumulative rounding 

errors with each iteration of the equation to where the ∆𝑡 value becomes grossly inaccurate after a 

few dozen steps (Figure 2.10A). That inaccuracy results in a logarithmic velocity profile where 
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maximum speed is unideally limited by acceleration (Figure 2.10B). Therefore, an integer 

representation of ∆𝑡 is inappropriate. 

 

 

 

 

Figure 2.10 A) Percentage error of the Equation 2.2 compared to the Taylor approximation of 

Equation 2.1 where ∆𝑡 is typed as a floating-point or integer value at 40,000 steps/s3. When ∆𝑡 is 

a floating-point value, the % error is within 2%. However, when ∆𝑡 is an integer, the % error 

accumulates rapidly. B) Velocity profile of an ideal linear acceleration curve vs. that of the Taylor 

approximation of Equation 2.2 using an integer value for ∆𝑡. 

 

The most glaring issue with Equation 2.2 is its difficulty in utilizing a non-zero initial velocity (i.e. 

non-zero junction speeds). This stems from the fact that the ∆𝑡 value at 𝑛 = 0 is calculated via 

Equation 2.3. 

∆𝑡 = 0.676
√2𝑎

𝑎
 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.3) 

Where a is the acceleration. 

Equation 2.2 cannot be initialized at a value where 𝑛 > 0. The workaround is to generate a lookup 

table where ∆𝑡 is calculated for a variety of 𝑛 values. However, as ModiPrint is made to be modular 

and support a range of speeds and accelerations which creates the challenge where the lookup tables 

are necessarily generated dynamically. Furthermore, there must be four lookup tables in total, one 

for each actuator of the XYZ stage, and one for a motor-driven printhead. This consumes a large 

amount of valuable memory which could instead be used to buffer against short movements. 

While not impossible, the difficulty and compromises of integrating non-zero junction speeds with 

Equation 2.2 makes it infeasible for the purposes of ModiPrint. 
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2.3.2.2 Modified GRBL 

I also explored the prospect of modifying GRBL, an open source CNC control software made for 

the Arduino MEGA [77]. GRBL achieves a very high ~30,000 steps/s by altering the velocity 

profile into a piecewise function. GRBL calculates this by setting a time for each piecewise segment, 

the uses standard kinematics equations to calculate its ∆𝑡 (Figure 2.11). This allows GRBL to still 

use costly operations but does not calculate step time for every step. Although acceleration is not 

as smooth, GRBL is validated by its use in thousands of CNC and 3D printing machines worldwide. 

More importantly, GRBL already implements non-zero junction speeds via Equation 2.4 [78]. 

𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑆𝑝𝑒𝑒𝑑 = |
𝑎𝐽𝐷 sin (

𝜃
2

)

1 − sin (
𝜃
2

)
| (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.4) 

Where JD stands for junction deviation, a user defined parameter that ranges from 0 to 1. 𝜃 is the 

angle between movements. 

 

While I did not modify GRBL to operate ModiPrint’s programming language, I familiarized myself 

with GRBL’s code and explored the prospect of a modified GRBL. Before attempting the daunting 

task of rewriting such a large codebase, I found several aspects of GRBL’s design that was ill-

suited to the intent of ModiPrint. 

 

 

Figure 2.11 Velocity profile of GRBL’s velocity profile vs. an ideal linear acceleration velocity 

profile. 

 

GRBL may not produce smooth movements when printing the small line segments found in the 

tool paths of organically shaped models. This stems from the fact that the program calculates 

movement parameters in real time. Small line segments are executed by the hardware faster than 

GRBL can calculate new movements. Therefore, GRBL will stop, and in the case of pneumatically 

operated printing, excess material will be deposited. The issues of short movements can be 
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mitigated by buffering data, but GRBL can only buffer a few dozen microseconds of steps at most 

as it buffers the subdivisions of its piecewise acceleration [77,79]. A short buffer time means that 

idle time during longer movements cannot be used effectively to cover for short movements. 

Therefore, GRBL is not suited to print the organic shapes that would be found in many of the 

organically shaped objects a bioprinter would be required to produce. 

Furthermore, GRBL has limited functionality when calculating junction speeds. GRBL’s issue lies 

in the fact that GRBL only sees a limited number of movements ahead. Junction speed cannot be 

higher than the required speed needed to slow down to zero after a print’s end. In very short 

movements (the kind of movements where excess material deposition in junctions is most 

prominent), GRBL must assume that the last known movement is zero velocity and throttles 

junction speed to leave enough “runway” for deceleration. Although this case is rare, it is a 

limitation for GRBL in junction speed calculations and its capability for fast junctions as stated in 

GRBL’s source code comments [77]. 

Another limitation of GRBL is that way junction speed calculations are handled. Standard g-code 

does have a way to stream junction speed parameters and necessarily forces the microcontroller to 

perform such calculations [80]. GRBL must constantly recalculate junction speed parameters as its 

“runway” for deceleration increases. During a series of short movements, this aspect of the program 

can be overloaded, causing stalls and more excess material deposition. 

These issues can possibly be alleviated by a rewrite of GRBL’s structure. However, I was hesitant 

to invest the time into rewriting such a large, unportable codebase. After exploring these  options, 

I decided to create my own stepper control protocol.  

 

2.3.2.3 Novel Stepper Control Equation 

My own stepper control program used my own novel approximation of linear acceleration. 

Equation 2.5 approximates velocity based on the total time spent in the movement then calculates 

the next step time based on that velocity value. 

∆𝑡𝑛+1 =
1

∑ 𝑎∆𝑡𝑛
𝑛
0

  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.5) 

Where a is acceleration, n is total steps taken. 

 

Compared with the that Taylor Approximation (Equation 2.2), Equation 2.5 is slightly faster at 

an average execution time of 691 clock cycles. More importantly, this equation easily supports non-

zero junction velocities by initializing with Equation 2.3. 

𝑎∆𝑡0 =

𝑣0
2

𝑎⁄ + 2 

√𝑣0
2 + 2𝑎

 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.6) 

Where 𝑣0 is the junction speed, and a is acceleration. 
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Like GRBL, 𝑣0 is calculated via Equation 2.7. Unlike GRBL, Equation 2.5 can be calculated and 

consumed at every step cycle and does not need to be buffered. As a result, entire linear movements 

can be buffered instead of individual ∆𝑡 values. This longer buffering means the protocol is much 

more immune to stalling from shorter movements.  

Furthermore, ModiPrint’s special protocol calculates junction speed with the desktop program and 

streams the junction speed value as a parameter in a movement message. Unlike GRBL, the 

junction speed calculation is offloaded to a personal computer which has virtually unlimited RAM 

in this context, the look-ahead of junction speed calculations does not throttle the junction speed 

results. Because junction speed is not calculated on the microcontroller, there is also less risk of 

stalling from successive short movements. 

I compared my approximation to a perfect velocity profile (Equation 2.1) in Figure 2.3. Beyond 

the second step, the percent error remains less than 1%. The more significant errors from the first 

two steps is not enough to distort stepper operations in practice. The protocol also achieves an 

acceptable 10,000 steps/s maximum speed, plenty for the purposes of ModiPrint’s screw-driven 

actuators. 

 

Figure 2.12 Percentage error of the ∆𝑡 result from Equation 2.5 compared to result from Equation 

2.1 at 40,000 steps/s3. The 1st step has an error of 21%. The 2nd step has an error of 7.9%. Beyond 

the 2nd step, the percent error is below 1%.  

 

ModiPrint’s stepper algorithm does have a minor disadvantage in deceleration. Deceleration 

follows the same equation as acceleration but incurs additional error that causes velocity to be 

slightly greater than intended. In practice, this makes no discernable difference in stepper 

operations. 

As Table 2.3 demonstrates, ModiPrint’s program improves upon the alternatives except for 

GRBL’s maximum speed. However, 10,000 steps/s is adequate for ModiPrint’s hardware’s screw-

driven actuators, and in practice, does not limit operation speed. 
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Table 2.3 Comparison of the different ∆𝑡 equations and their effects on stepper motor control.  

 

 

2.3.3 High Resolution Bioprinting 

High resolution printing was originally optimized using 2% w/v alginate hydrogel printed from the 

pneumatic extruder. To improve resolutions, I also tested a freeform reversible embedding of 

suspended hydrogels, called FRESH hydrogel slushie [17]. FRESH is a support bath of gelatin 

particles that suspends fluids in 3D space as they crosslink. This partially prevents materials from 

“sagging” due to gravity, thereby decreasing XY resolution. FRESH also enables us to use alginate 

without the addition of unwieldly hydrogels, such as gelatin [81], which would otherwise be 

required to maintain structural integrity. In addition, I altered the FRESH protocol to produce more 

consistent filament diameters (Figure 2.13). 
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Figure 2.13 Images of alginate filament quality with different FRESH preparation methods. A) 

Images of printed alginate filament quality immediately after the blending and washing step of the 

FRESH bath. B) Images of printed alginate filament quality after the FRESH bath has been stored 

at 4°C for 24 hours after blending. These filaments are more consistent in quality compared to 

those printed immediately after blending. Scale bars = 100 μm 

 

With FRESH and alginate, I used a 100 μm inner diameter nozzle, typically smaller than most other 

bioprinting studies. I characterized individual filament diameters by printing square grid patterns 

with a 0.5 mm pitch (Figure 2.14). This pattern was written by hand with ModiPrint’s custom 

language and printing is completely automated by the device for repeatability. I found 500 μm 

pitches to be ideal for characterizing resolution as wider pitches created a structurally unsound 

sheet, but narrower pitches introduced too many overlapping paths that warped resolution. I 

iteratively improved resolutions by decreasing the print pressure to 5 psi and increasing print speeds 

to 12 mm/s which produced a mean filament diameter of 103 μm with a standard deviation of 19 

μm (Figure 2.14D). Similar resolutions were maintained with additional hiPSC introduced into the 

ink (Figure 2.14C). 



34 

 

 

 

 

Figure 2.14 ModiPrint can extrude high resolution, 100 μm alginate filaments A) Phase contrast 

image of printed alginate filaments, scale bar = 100 μm. B) Fluorescent image of printed alginate 

filaments mixed with FITC, scale bar = 500 μm. C) Fluorescent image of alginate filaments printed 

with CellTracker Green-labeled hiPSC, scale bar = 500 μm. D) A histogram of the distribution of 

alginate filament diameters, mean is 102 μm and standard deviation is 19 μm. 

 

I initially observed that resolution in constructs of complex geometries generated from extrusion 

were not as high as straight-line resolutions. The curves of organ-like shapes necessitate many line 

segments which forces the XYZ stage to slow down below its intended print speed while 

pneumatically driven printheads maintain the same dispense rates via a constant pressure acting on 

the reservoir. During this slow down, excess material is deposited during the transition between 

line segments. While other bioprinting studies have used a similar, pressure-driven extrusion 

method, only one other study to my knowledge has reported the same issue [61]. This is perhaps 

because few studies print at high resolutions with complex geometries where this issue is most 

exacerbated. 

I sought to improve resolutions around corners by a combination of hardware and software 

optimizations. High torque motors enable high XY accelerations, resulting in less time spent at 

slower speeds transitioning between linear movements. The stiff frame and implementation of a 

simple cornering algorithm [78] (Equation 2.4) enables the maintenance of higher speeds around 

corners. Furthermore, the print surface was decoupled from the movements of the device, where 

only the machine is subject to jerky movements. The net result is that ModiPrint’s XYZ stage 

maintains high speeds around corners for improved resolutions. 
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Corner resolution was characterized by printing with the pneumatic extruder through a 90-degree 

toolpath using the same alginate material and print parameters that generated 100 μm diameter 

filaments. These 90-degree angles were isolated with a custom print pattern made for this 

experiment. I measured the length of the angle’s diagonal from the inner to the outer corner. In an 

ideal situation where there is no excess material deposited, the length of the diagonal would be a 

factor of square root of 2 larger than the straight-line diameter. Therefore, the ideal length of a 90-

degree diagonal from my 103μm diameter filament is 145 μm. 

Cornering speed is dependent on a parameter called junction deviation (JD), where 0 JD results in 

a full stop between linear movements and 1 JD results in no deceleration (Equation 2.4). A high 

acceleration of 2,000 mm/s2 and a JD of 0.01 resulted in a diagonal length of 204 μm (Figure 

2.15A) which is 40% larger than the ideal length. Removing the fast cornering feature by setting a 

JD of 0 resulted in a significantly (p < 0.001) larger diagonal length of 257μm. Decreasing the 

acceleration to 400 mm/s2 further increased the diagonal length to 326 μm (p < 0.0001). Therefore, 

as cornering speeds and acceleration increases, unwanted deposition of excess material and the 

distortion of the intended print geometry is mitigated (Figure 2.15A-D and Figure 2.15I). 
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Figure 2.15 Alginate filament resolutions during the extrusion of corners is affected by cornering 

speed and acceleration. A) A representation of a theoretically perfect 90-degree extrusion. B-D) 

Phase contrast images of 90-degree alginate filaments at various junction deviation and 

acceleration settings. E) A 3D model of a femur. F-H) 25 mm length alginate prints of the femur in 

Fig. 3F with various junction deviation and acceleration settings. For scale, all petri dishes are 35 

mm in diameter. Scale bars in C-D are 200 μm. I) A bar graph of the width of the diagonal of a 90-

degree alginate filament vs. various junction deviation and acceleration settings. The black bar 

represents the standard deviation. Here, ideal is a theoretically perfect corner.  

 

To demonstrate how suboptimal cornering speeds and excess material deposition can compound 

throughout complex prints, I printed very small, 25 mm length femur shapes with a rectilinear fill 

pattern and 100% infill (Figure 2.15E-H). Compared to the intended design of the CAD model, 

the high-resolution conditions of 2,000 mm/s2 and 0.01 JD retains the fine details of the femur 



37 

 

 

 

shape. The same acceleration with a 0 JD loses these fine details. And a lower acceleration of 400 

mm/s2 with 0 JD mutilates any details of the object, demonstrating that a significant amount of 

excess material is still deposited during the transition between linear movements. Hardware that 

enables high acceleration and software that enables fast cornering mitigates the effects of this 

excess material deposition. This technique, along with FRESH hydrogel and optimized print 

parameters of low pressures, high print speeds, and small nozzle diameters can improve resolution 

in bioprinting. 

2.3.4 Viable Printing of hiPSC 

While bioprinting with hiPSC aligns with regenerative medicine’s vision of engineered, autologous 

tissue [82], few published studies have demonstrated viable printing of fragile hiPSCs. To 

demonstrate that my extrusion techniques are gentle under high resolution conditions, I dispensed 

human induced pluripotent stem cells (hiPSC), which are notoriously fragile under shear stresses 

[35,36].  

Although I initially struggled with sterility even though the entire set up was exposed to 30 minutes 

of UV before operating within a laminar flow biosafety cabinet, autoclaving all dispensing 

components and introducing a HEPA filter upstream of material reservoir fixed the issue. I also 

found that normal alginate was not suitable for maintaining viable hiPSC (data not shown) and I 

transitioned to 2% w/v RGD-linked alginate for my viability study. As this material was less 

viscous, I printed at a lower pressure of 3 psi and higher speeds of 25 mm/s to maintain similar 

filament diameters. The cells were printed in 10 x 10 mm square sheets with single filament 

thickness. It is worth noting that printing at high resolutions had the added benefit of reducing 

overall material usage such that a mere 100 µL of bioink produced four 10 x 10 mm sheets. 

The printed hiPSC embedded in RGD-linked alginate remained viable and highly proliferative up 

to confluent-like conditions at day 30 (Figure 2.16). Although printed as single cells, by day 7 of 

culture within the RGD-linked alginate, the printed hiPSC grew in dense cell clumps, much like 

the colony formation of embryoid bodies. Cell viability was also quantified by LIVE/DEAD stained 

cells using flow cytometry. After 24 hours, the mean viability was 69% with a standard deviation 

of 13% (Figure 2.16H). Across the three replicates that were analyzed, the highest viability was 

81%, and the lowest was 51%. After 7 days, the cells appeared to rebound with a greater viability 

of 86%. However, after 30 days, the viability dropped to 48%. I speculate that rapid cell 

proliferation accounted for the high viability at day 7 and that high confluence and excessive 

nutrient consumption accounted for the lower viability at day 30. 



38 

 

 

 

 

Figure 2.16 Viability of hiPSC printed with ModiPrint in RGD-linked alginate over time. A-C) 

Flow cytometry scatter plots of the hiPSC LIVE/DEAD assay at Days 1, 7, and 30, respectively. D-

F) Fluorescent images of the hiPSC stained with LIVE/DEAD. Scale bars = 500 μm. G) Image of 

the printed hiPSC embedded within RGD-linked alginate after 30 days with visible hiPSC colonies. 

H) Bar graph of hiPSC viability as determined by calcein AM staining and ethidium homodimer-1 

resistance under flow cytometry. The black bar represents standard deviation. 

 

2.3.5 Fabrication of 3D Structures with Embedded Concentration Gradients 

Concentration gradients play an important role in the cell’s microenvironment by directing various 

cell fates and functions. These gradients have been mimicked in a variety of microfluidic devices 

and some 3D printing studies. However, artificially generating these gradients requires systems that 

expose cells to multiple channels of media, serial dilution devices [32], or the patterning of multiple 

materials of different concentrations [19]. These techniques are complex with limited choice of 

geometries of the gradients and the containing structures. Therefore, we aimed to leverage the 
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flexibility and CAD integration advantages of bioprinting to incorporate concentration gradients 

into the cell-material prints by the combination of extrusion bioprinting, drop-on-demand 

bioprinting, custom software, and the FRESH support bath. This flexible and automatable 

technique can generate 3D gradients of arbitrary geometry contained within 3D hydrogels of the 

either the same or distinct arbitrary geometry. 

This is accomplished using ModiPrint’s custom program which automatically integrates the 

concentration gradient with the toolpath specified by g-code input (Fig. 5). The system controls the 

deposition volume of a small molecule solution droplet by varying the valve dispense time of the 

microdispensing inkjet. This valve dispense time is determined by a function of distance from user 

defined geometries and a gradient strength parameter settable within ModiPrint’s software 

(Equations 1 & 2). Then the microdispensing inkjet patterns a microdot array of the small molecules 

which is suspended in 3D space by the FRESH support bath. The movement of the nozzles create 

temporary gaps in the support bath which spreads the small molecules along the toolpath. The 

pneumatic extruder dispenses and mixes hydrogel with the suspended small molecules. As the 

alginate quickly crosslinks, the small molecules are entrapped within the material. Lastly, the 

support bath is removed, leaving a hydrogel construct embedded with a concentration gradient of 

small molecules. 

𝑉𝑎𝑙𝑣𝑒 𝑂𝑝𝑒𝑛 𝑇𝑖𝑚𝑒𝑑 = 𝑉𝑎𝑙𝑣𝑒 𝑂𝑝𝑒𝑛 𝑇𝑖𝑚𝑒0 ∗ (1 + 𝐿𝑖𝑛𝑒𝑎𝑟 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ ∗ 𝑑)                               (Equation 2.7) 

𝑉𝑎𝑙𝑣𝑒 𝑂𝑝𝑒𝑛 𝑇𝑖𝑚𝑒𝑑 = 𝑉𝑎𝑙𝑣𝑒 𝑂𝑝𝑒𝑛 𝑇𝑖𝑚𝑒0 ∗ (1 + 𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ)𝑑                            (Equation 2.8) 

To visually demonstrate the results of this technique, I entrapped blue food coloring within 2% 

alginate, creating gradients of different shapes and sizes, located within different hydrogel 

geometries (Fig. 5B-D), including a cylinder (Fig 5D). To show that the cylinder remained hollow, 

red food coloring was perfused through the inner channel with a syringe. 
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Figure 2.17 Hydrogels embedded with concentration gradients are generated by A) Schematic 

representation of ModiPrint’s process of generating concentration gradients embedded within 

hydrogels. ModiPrint’s microdispensing inkjet produced droplets of varying sizes suspended within 

the FRESH support bath. Then, the pneumatic extruder prints and mixes hydrogels over the 

droplets. Crosslinking of the hydrogels entraps the droplets within. B) Blue food coloring is 

suspended within the FRESH support bath in a radial geometry with a radial gradient. C) Blue 

food coloring is entrapped in a radial gradient within an alginate hydrogel printed in a grid 

pattern. D) Blue food coloring is entrapped in a linear gradient within an alginate hydrogel printed 

in a cylindrical geometry with 4 mm outer diameter and 1 mm inner diameter. Red food coloring 

is perfused through the hollow, inner diameter of the cylinder via a syringe. For scale, all petri 

dishes 35 mm in diameter. 

 

Although, this bioprinting system can produce hydrogels of arbitrary geometries embedded with 

small molecule gradients, further work (Chapter 5) shows that gradients can be retained for a 

reasonable length of time. Other studies also indicate that these gradients direct cell function 

including using the entrapment of small molecules in its potential in drug delivery [83]. Release 

timing can be further controlled by altering alginate concentration or modifying the alginate with 

another hydrogel [84], Various extracellular matrix proteins can also be added or substituted to 

manipulate the bioactivity of small molecule gradients [85]. 
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2.4 Conclusion 
ModiPrint is an accessible, affordable, feature-rich bioprinter. For less than $4,000 in hardware, a 

user can assemble their own, modular, multi-material device, ModiPrint. ModiPrint is capable of 

high-resolution extrusion bioprinting of hiPSC. It also performs a novel technique to generate 

concentration gradients of small molecules embedded within hydrogels. It integrates these features 

with full support for g-code and other open source slicing tools. This is achieved via custom 

programming and novel hardware designs. Few other bioprinters has this wide range of features 

with such a low price, let alone, novel features that improve microscale complexity. 
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Chapter 3: Generation of Smooth Muscle Cells from Pluripotent Stem Cells 
 

Abstract 

Mural cells are indispensable for the development and maintenance of healthy mature vasculature 

and are valuable in the context of regenerative medicine for cell therapies and as developmental 

models. However, their functional plasticity, developmental diversity, and multitude of 

differentiation pathways complicate in vitro generation. Here, I optimize for the generation of 

vascular smooth muscle cells (VSMC) from pluripotent stem cells (PSC) by studying the effects of 

soluble signals, extracellular matrix, and induction time on cell fate efficiency. I briefly explored 

using mouse embryonic stem cells (mESC) using serum and trans retinoic acid (atRA) as well as a 

multi-stage, serum induction for human induced PSC (hiPSC). While the generation of a vascular 

progenitor cells from hiPSC was very successful, issues with commercially available VSMC 

marker antibodies impeded significant progress towards VSMCs. However, the limited data that 

was produced indicated that the hiPSC-derived population was a VSMC population that exhibited 

characteristic markers and vasculogenesis functions.   
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3.1 Introduction 
 

3.1.1 Pluripotent Stem Cell-Derived Vascular Smooth Muscle Cells 
The mural cell is a unique histological category encompassing pericytes (PC) and their 

developmentally related vascular smooth muscle cells (VSMC). These cells ensheath the inner 

endothelium of blood vessels where, typically, small diameter vessels are assigned a sparse 

population of PC while large vessels consist of multiple VSMC layers [86]. Mural cells provide 

our circulatory system with stability and contractile function. Without mural cells, organisms would 

not survive until birth due to hemorrhagic, permeable, and short-lived blood vessels [87]. While 

vessel stabilization is the mural cell’s best known role, VSMC and the multipotent PC are also 

known for their significant contributions in developing vascular disease, promoting immune 

response, and remodeling the surrounding extracellular matrix (ECM) [88–90]. 

Due to their functional diversity, mural cells are important cells in several diseases and therapeutic 

applications. In vascular therapies, implanted mural cells can be used to enhance nascent 

vasculature for the repair of damaged, ischemic tissues [91]. For cellularized vascular grafts, the 

added smooth muscle layers can provide structure, contractility, and improved recovery [92]. 

Moreover, the phenotypic modulation of VSMC is often studied for its implications and potential 

therapies in vascular disease [90]. Mural cells are also being targeted to control the degree of 

vascularization in tumors [93]. 

Pluripotent stem cells (PSC) can provide an alternate approach to the application and study of 

VSMC. An often-limiting factor of cell therapies is the lack of a suitable cell source, but unlike 

many terminally differentiated adult cells, PSC are renewable and can be guided to differentiate 

into any cell lineage in the body. Moreover, these PSC-derived cells are less senescent and can be 

superior at promoting regeneration than their in vivo counterparts [94]. With the discovery of 

induced PSC, PSC can now be derived from otherwise terminally differentiated adult cells [5]. 

Furthermore, PSC can be used as in vitro models of development. By reverse engineering the 

natural embryonic microenvironment, developmental pathways can be isolated from an otherwise 

complex system. Interestingly, many VSMC developmental pathways overlap with phenotypic 

modulation pathways, allowing for implications in vascular disease [90]. 

However, generating PSC-derived VSMC is complicated by several factors including: 1) the 

multiple origins of VSMC – with correspondingly distinct functions - provide confounding 

development paths, 2) a wide range of microenvironment factors that can contribute to the 

development of VSMC with different combinations of factors yielding different resulting cells, and 

3) a lack of lineage-specific surface marker sets for VSMC.  

3.1.2 The Origin of Vascular Smooth Muscle in Embryonic Development 

As with all cells of the body, VSMC arise from the developing embryo where they must navigate 

a labyrinth of developmental paths before reaching their destination. These paths must be replicated 

in the generation of VSMC from PSC. However, our understanding of these paths is complicated 

by the multiple embryonic origins of VSMC wherein fate decisions are tied to the cells’ ultimate 

anatomic location and function. 

The corresponding in vitro and in vivo development of VSMC begin with the embryoblast, an inner 

cell mass from which embryonic stem cells (ESC) are isolated. The embryoblast reorganizes into 
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an epiblast which derives the primitive streak (PS), a ridge-like formation that divides the organism 

bilaterally. Mesendoderm cells of the epiblast migrate through the anterior PS and replace 

hypoblast cells at the bottom of the developing embryo, forming the definitive endoderm. 

Migratory mesendoderm at the anterior PS also occupy between the epiblast and definitive 

endoderm to form the mesoderm. The remaining, non-migratory epiblast cells default to the final 

germ layer, the ectoderm [95]. This process by which the epiblast gives rise to the three distinct 

germ layers is known as gastrulation [96]. Of these three germ layers, VSMC are produced from 

specific regions within both the mesoderm and the ectoderm [97]. 

The mesoderm spreads laterally across the embryo outward from the PS into the axial, paraxial 

(PM), intermediate, and lateral plate mesoderm (LPM) regions. The mesoderm regions  are 

specified by a bone morphogenetic protein (BMP)-4 gradient, which is most concentrated at the 

LPM [98]. As the organism matures, the PM forms into blocks of somite cells that line the embryo 

bilaterally and develop into bone, skeletal and smooth muscle as well as various mesenchymal 

tissues. Meanwhile, the LPM further segregates into the cardiac mesoderm (CM), from which most 

heart tissue is derived, and the hematopoietic mesoderm, which gives rise to most of the vasculature. 

Within the LPM is a specific subset of cells that express CD309, an iconic marker for vascular 

progenitors that derives both endothelial cells (EC) and VSMC in vitro [51]. Within the CM, the 

low concentration end of a bone morphogenetic protein-2 (BMP-2) gradient forms the 

proepicardium, a mesothelial lining in the heart. The concentrated side of the BMP-2 gradient 

transforms into the collective of cardiac and smooth muscle progenitors known as the secondary 

heart field [99]. All the while the ectoderm layer initially forms two regions, the neural region and 

the non-neural region. Cells from the neural plate of the neural region delaminate from the neural 

tube and form a third region: the neural crest (NC) [100]. A BMP-2 gradient specifies these three 

regions with the lowest concentration at the neural plate and the highest at the non-neural regions 

[101]. The neural crest, often called the fourth germ layer for its broad multipotential, goes on to 

generate a wide variety of cell types including VSMC.  

Summarized in Figure 3.1, the in vivo specification of these developmental regions is largely 

controlled by BMP, Wnt, and fibroblast growth factors (FGF), as well as transforming growth 

factors (TGF) that activate Activin- and Nodal-related signaling pathways. These signals often form 

gradients which diffuse across the developing embryo [98,99,101]. Therefore, many in vitro models 

reflect these in vivo studies by activating the same major signaling pathways and even mimicking 

ligand concentrations [12]. Because PSC tend to differentiate spontaneously and randomly, these 

in vitro models aimed towards lineage specification are often supplemented with inhibitors to 

derive pure populations of the desired cells. Of note, cell fate pathways may differ between PSC 

types even under the same differentiation conditions as demonstrated by  in vitro specifications 

between human and mouse ESC [102]. 

Many embryonic populations are actually heterogeneous sets of precursors. For example, the LPM 

includes a variety of cardiac and hemopoetic progenitors with different multipotential [103]. As a 

result, some protocols derive embryonic progenitors into these more specific subtypes. For example, 

PSC differentiation protocols have produced more specialized sub regions of germ layers, such as 

the well-studied neuroectoderm [104]. Furthermore, in vivo progenitors do not arise directly from 

PSC, but rather mature through many branches of a progenitor tree. As such, some protocols aim 

for faithful recapitulation as exampled the step-wise generation of the mesendoderm, the in vitro 
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analog to the primitive streak [102]. Thus far, chemically-defined derivation protocols exist for the 

generation of not only all three germ layers but a variety of more specific embryonic intermediates. 

VSMC arise from several embryonic sites including: the NC of the ectoderm, the LPM, and the 

somites of the PM. In general, VSMC located above the heart originate from the neural crest. NC-

originating VSMC have been found in the perivascular regions starting from the distal pulmonary 

trunk and outflow tracts up to the neck, face and ventral/anterior brain [105–108]. Similarly, the 

aorta, which partially loops above the heart, is invested with NC-originating VSMC at the aortic 

arch, ascending aorta, and branching arteries including the carotid arteries and right subclavian 

artery [105,108]. However, VSMC of the dorsal/posterior brain derive from the PM [108]. VSMC 

also arise from the LPM-derived secondary heart field and proepicardium. They are situated at the 

heart level and include the coronary arteries and veins, the proximal pulmonary trunk and outflow 

tract, aortic root [106,107,109–112], and abdominal aorta [112,113], although some NC-derived 

VSMC have also been found in the proximal coronary artery [105]. Lastly, PM-derived VSMC 

typically constitute regions most distal from the heart, such as the vessels in the limbs, body walls, 

and upper and middle descending aortas [112,114,115]. 

 

 
Figure 3.1 Heterogeneity of mural cell development. Stem and progenitor cells cycle through 

several developmental stages before ultimately committing to a mural cell fate. Moreover, the 

specific path a cell undertakes will determine its final anatomic location and specific function. The 

signaling pathways depicted in this study are a culmination of information from various chemically 

defined in vitro differentiation schemes and where data were lacking, from in vivo and ex vivo 

studies. However, not all steps in embryonic development have been recapitulated in vivo and in 

vitro, nor have all known mural cell subphenotypes been generated using in vitro differentiation 

methods. 
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It is noteworthy that VSMC progenitors are found not only in the developing embryo but also 

within adult tissues. Approximately one tenth of the post-development perivasculature consists of 

cells that express progenitor markers such as stem cell antigen-1 (Sca-1), c-kit, CD34 and CD309 

[116,117]. In vivo, these cells are held undifferentiated within progenitor niches while mature cells 

reside around them. These progenitor reservoirs become active and serve as replenishable cell 

sources during tissue disease and wound healing, and as such, are studied for their potential in 

cellular therapies. It is speculated that adult progenitors are embryonic precursors held back in 

progenitor niches [63] and presumably lie in between an embryonic progenitor and a VSMC along 

the developmental timeline. Therefore, in vitro analogs of VSMC progenitors, which generate 

VSMC through PSC-derived analogs of adult progenitor intermediates, may serve as an additional 

checkpoint for further purification and verification of the developmental path.  

3.1.2 Signaling Pathways Directing Vascular Smooth Muscle Fate 

Commitment to a VSMC precursor only brings the cell halfway towards its ultimate identity. 

Before VSMC can be found in the developing embryo, VSMC precursors can be identified as 

PDGFR- positive cells scattered around the developing vessel mesenchyme [118,119]. These cells 

are recruited into the first layer of VSMC by a number of soluble, cell-cell, and cell-matrix signals 

[120]. Likewise, adult VSMC precursors will differentiate when their precursor niche is altered by 

disease states.  

The many in vivo signals known to be critical to VSMC recruitment can be used to direct VSMC 

fate in vitro (Fig. 3.1). Briefly, the soluble signals PDGF- and TGF-1 are the most well-known 

for in vivo and in vitro VSMC development. However, less studied factors such as sphingolipids, 

cell-cell contact signals, retinoids, mechanical forces, and ECM have also been shown to be 

necessary in VSMC fate. 

VSMC signaling pathways have been shown to direct VSMC differentiation from many progenitor 

types of different species and origins. Therefore, many VSMC differentiation signaling pathways 

may be universal across different VSMC progenitors. Furthermore, many of these developmental 

pathways are retained in mature VSMC and continue to upregulate many VSMC-specific 

contractile markers in adult cells (a notable exception is PDGF- which negatively regulates 

mature VSMC markers [90]). As such, signaling studies for VSMC development may extrapolate 

towards signaling studies for VSMC phenotype modulation and vice versa. 

PDGF- 

EC secrete PDGF- during the early stages of vessel development where the ligand finds its way 

to surrounding VSMC precursors and recruits them to the developing VSMC layers [119]. PDGF-

’s important role in VSMC and PC development is highlighted by murine mutant models where 

inhibition of the ligand, receptor, or downstream events usually result in poor VSMC recruitment 

as indicated by sparse VSMC coverage, leaky vessels, and embryonic lethality [26,87,119,121].  

While PDGF- and its receptor PDGFR- are the most implicated in VSMC development, there 

exists several isoforms of both the ligand and receptor. In total, there are four ligand monomers (A-

D) which form five dimers (PDGF-, , , CC, DD) and two receptor monomers that form 

two receptor tyrosine kinase (RTK) dimers (PDGFR-, , ) [122]. Our isoforms of interest, 

PDGF- and PDGFR-, have especially high binding affinity to each other, though the  ligand 
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can also activate the other two receptor isoforms and the  receptor can also be activated by PDGF-

DD [123]. 

On presumptive VSMC, PDGF- binds to the receptor tyrosine kinase (RTK) PDGFR- and 

proceeds to activate a multitude of RTK pathways [124]. Here, Src, Grb2, PI3K, Ras, SHP-2, PLC, 

and other unstudied pathways act coordinately to induce SMC differentiation where ablation of a 

single pathway does not completely abolish PDGF-’s effects. One target of these pathways is 

ERK, which is known to be upstream of MYOCD, a well-studied transcriptional cofactor of SMC 

genes [125].  

The PDGF- pathway is often associated with VSMC proliferation as it induces the 

proliferative/synthetic phenotype in mature VSMC [90]. Similarly, PDGFR-+ cells in the 

pericapillary of the developing embryo proliferate in response to PDGF-. Knockout of the ligand 

inhibits this proliferation and causes lethal vascular defects [119] while overexpression exacerbates 

proliferation resulting in an abnormally thick medial layer [126]. Although proliferation is often 

viewed as mutually exclusive to differentiation, PDGF- has been shown to facilitate VSMC 

differentiation in many in vitro models ranging from PSC derived LPM, PM, and NC cells 

[12,127,128] to a wide variety of adult progenitors [129–133].  

TGF- 

TGF- is another growth factor that induces VSMC differentiation in vivo and in vitro. This ligand 

comes in three isoforms, TGF-1/2/3, and targets several receptors on VSMC cells - Alk-5 (also 

known as TGF-RI), Alk-1 (TGF-RII), and endoglin (CD105) [134,135]. The three receptors 

coordinately direct the phosphorylation of Smad1/5/7 or Smad2/3, both of which associates with 

Smad4 and localizes to the nucleus to activate transcription factors.  

In mouse models, impairment of the TGF- pathway through SMC-specific deletion of Alk-5 [136] 

or endoglin [137] leads to poor SMC recruitment while epicardial-specific deletion of Alk-1 

prevents the epithelial to mesenchymal transition of the epicardium into VSMC [138]. Similarly, 

in vitro, TGF-1 has been used extensively for VSMC differentiation as demonstrated with 

multipotent adult stem cells [130,133,139] and in vitro analogs of embryonic precursors 

[12,128,140,141]. Though less utilized, TGF- has been demonstrated to induce SMC 

differentiation in MSC [139,142].  

Although it is unclear how the TGF- receptors activate the different Smad pathways [143], 

Smad2/3 has been demonstrated to be critical for VSMC development. During VSMC 

differentiation, the Smad2/3/4 complex translocates to the nucleus where it activates transcriptional 

activators of SMC genes such as MYOCD of MSC in vitro [142] and MRTF-B of NC cells in mice 

and in vitro [144]. Furthermore, siRNA inhibition of Smad2/3 impairs the differentiation of SMC 

from embryoid bodies (EB) [145]. 

Retinoic Acid 

Retinoic acid (RA), also categorized under vitamin A, is responsible for the development of many 

tissues. RA can bind to three nuclear membrane RA receptors (  or  RARs) which then form 

dimers with RXRs (  or ) [146,147]. After recruiting coactivators, the dimer may induce 

epigenetic changes or bind to cofactors to activate transcriptional activity of development-related 

genes [148].    
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The earliest models of PSC to SMC differentiation used RA in an EB model [149]. Since then, RA 

has been used to induce SMC in a variety of cell types of different species in EB or monolayer 

induction [145,150–152]. Interestingly, SMC origin need not be specified as RA and serum can 

direct PSC towards SMC in one-step differentiation protocols, making RA protocols among the 

simplest to execute. Origin specification is still an option as RA can also guide multipotent SMC 

precursors towards SMC fate [12,150]. Furthermore, it has been shown that RA upregulates 

MYOCD during in vitro SMC differentiation [150].  

Although RA mediates vascular development in vivo [153] its effects are not limited to vascular 

cells, but also contributes to the organization of many embryonic organs [154]. Likewise, RA-

mediated differentiation of PSC yield not only SMC but also cardiomyocytes, skeletal muscle, and 

neuronal cells depending on the concentration of the ligand [155,156].  

Biochemical Signaling in the Extracellular Matrix 

Biochemical regulation of VSMC fate is not limited to soluble signals as VSMC precursors are also 

stimulated by ECM ligands through integrin receptors. There are a total of 18  and 8  integrin 

subunits which combine to form at least 24 integrin dimers [157]. These integrins mechanically 

couple the cell to the ECM and activate focal adhesions and downstream pathways that play direct 

roles in regulating cytoskeletal components and therefore cell migration, cell shape, and cell 

differentiation [158].  

Typically, VSMC specific knockout of integrin receptor subunits such as 1 [159], 4 [160], 7 

[161], 5 and v [162], but not 5 alone [163], yield similar phenotypes with disturbed VSMC 

recruitment and vessel organization. However, these defects are not the result of ablated VSMC 

differentiation but rather impaired migration, proliferation, and association with maturing vessels. 

Knockout of the downstream focal adhesion protein -parvin yields similar effects where VSMC 

recruit improperly and respond abnormally to PDGF- mediated chemotaxis [164]. Similarly, 

deletion of the ECM proteins themselves can cause deficient VSMC recruitment as was the case 

with brain vessels and astrocyte-specific laminin-1 knockout [165].  

It is clear that ECM are critical components for VSMC development, but which ECM proteins 

constitute the correct microenvironment? This is difficult to answer as the vessel’s ECM changes 

as the vessel matures, and there are multiple distinct vessel layers each with unique ECM 

composition. Furthermore, the vessel layers form sequentially during embryonic development, 

starting with the initma and building toward the adventitia. Therefore, vascular precursors sense 

different ECM compositions at different stages of vascular maturity. 

In a mature blood vessel wall, the bulk of the main structure and mechanical strength is constituted 

by fibronectins (FN), laminins (LN), elastin, and collagens. Further structural support and function 

is provided by fibrillins and fibulins, which form microfibrils, nidogen and perlecan which tie 

together other ECM, and HSPG which provide additional binding sites for integrins and soluble 

proteins. Note this is a general overview, as detailed descriptions of each ECM protein will indicate 

overlapping roles (reviewed in detail by Rhodes et al. [166] and Kelleher et al. [167]). 

The blood vessel architecture is formed from multiple distinct layers with unique ECM 

compositions [167]. At the lumen face, the tunica media contains EC held primarily within 

fibronectin. This layer rests on the basement membrane which consists mainly of collagens, laminin, 

enactins, Von Willebrand Factor (vWF), HSPG, and in microvasculature, PC [168]. Around the 
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basement membrane lies the internal elastic laminae, a cell-free tissue of primarily elastins and 

microfibrils. Between the internal, and a similarly composed external, elastic laminae lies the tunica 

media. The tunica media is constituted by alternating layers of VSMC in collagens and more cell-

free lamellae composed of elastin and microfibrils [158,167]. Circumferenced around the other 

layers, the adventitia is comprised of fibroblasts in collagen-rich ECM. These specific ECM 

compositions play key roles in vascular function and transduce biochemical and mechanical signals 

necessary for proper recruitment of VSMC.  

For in vitro cell culture, the ECM substrates typically used are fibronectin, laminin, vitronectin, 

collagen, or its denatured form, gelatin. Of these ECM, collagen-type IV (CIV) and gelatin have 

been used extensively to derive VSMC [12,51,151,169]. Indeed, blocking antibodies against 

integrin subunits 1, v, or 1 repressed the collagen IV-mediated VSMC differentiation of mESC-

derived Sca-1+ progenitors [132]. Although few studies directly compare the in vitro effects of 

ECM composition on VSMC differentiation, it was shown that cardiac progenitor cells in SMC 

maintenance media with PDGF- most preferentially differentiated into SMC in FN compared to 

LN, CIV, vitronectin, and gelatin [170]. In contrast, MSC in MSC maintenance media has the 

highest expression of SMC markers on CIV over LN and FN [171]. However, with a simple media 

of DMEM and serum, MSC prefer SMC differentiation under collagens, elastin, and FN over LN 

[172]. These studies highlight the fact that ECM effects on SMC differentiation are coupled with 

the progenitor type and other microenvironment conditions.  

Growth Factors in the ECM 

A major role of the ECM is to bind soluble ligands that would otherwise have limited exposure to 

their target cells. Able to bind both cell integrins and soluble growth factors, the ECM is able to 

concentrate soluble signals to cell surface receptors [173]. This localization is primarily attributed 

to HSPGs [174] but other proteins, such as laminin and fibronectin [173], also have soluble signal 

binding domains. Many growth factors and cytokines bind to ECM, including the PDGF and TGF-

 families that are necessary for VSMC development [173,174]. 

Currently, there are no in vitro studies that demonstrate ECM-bound soluble signals for the 

differentiation of VSMC. However, the in vitro implications are demonstrated through in vivo 

studies where matrix-bound PDGF- has been shown to be necessary to maintain the 

microenvironment for mural development.  

In vivo, mutant mice with the deleted ECM sequence that binds PDGF- (known as the retention 

motif) resulted in impaired PC recruitment to the retinal and glomerular microvessels [87]. In 

addition to decreased PC density, it was found that PC migration and dendritic extensions were 

likely guided by the concentration gradient of ECM-bound PDGF-. Similarly, interference with 

the N-sulfation of heparin sulfates prevents proper recruitment of PC to mice hindbrain 

microvessels [175]. In mice tumor microvessels supplemented with exogenous retention motif, PC 

demonstrated improper recruitment with enlarged microvasculature compared to wild type controls 

[176]. Overexpression of PDGF- by the tumor cells did not restore tight PC-EC attachment, 

demonstrating that ECM-bound PDGF- has unique mural recruitment mechanisms distinct from 

that of its soluble counterpart. 
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Figure 3.2 Signaling pathways for mural differentiation. Mural development occurs through the 

combinatorial effects of multiple signaling pathways. Shown in this study is a simplified depiction 

of the major pathways and their key ligands, receptors, intermediates, and transcriptional 

regulators necessary for mural differentiation. 

 

Considerations for Combinatorial Signaling In Vitro 

By far, the most popular in vitro differentiation signals for VSMC differentiation are PDGF- and 

TGF-1. However, there are many more microenvironment factors and pathways that are required 

for VSMC fate. These necessary signals are implied to be endogenously expressed, but few studies 

explore their exogenous potential. Ideally, though impractically, these factors would be tightly 

controlled in the perfect in vitro differentiation model. Likewise, the parameters of each signal, 

such as ligand concentration in soluble signals, would be considered. Currently, differentiation 

protocols typically focus on one or two of these signals. 

3.1.3 Developmental Timescale and VSMC Function 

During in vitro differentiation, the proceeding final step is the assessment of the product cell and 

determination of protocol success. Typically, this process involves the characterization of markers 

and functions of the product cell. There are two key properties to cell markers and function, 

specificity and timescale. Together, the information on the specificity and kinetics of differentiating 
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cells can be used to determine a cell’s degree of commitment to a specific lineage and resemblance 

to its in vivo counterpart.  

In vivo, initiation of heartbeat, blood flow, and consequent hemodynamic forces occur right before 

the onset of VSMC marker expression [89,177]. It is thought that these hemodynamic forces, 

particularly circumferential cyclic strain, play a significant role in the recruitment of VSMC. The 

earliest indicator of VSMC lineage is the expression of PDGFR- in the developing vascular 

mesenchyme [118]. These cells migrate toward the endothelium where they form an initial 

perivascular layer in direct contact with EC [112,118]. Around this time, these cells will express 

the first contractile marker, SMA [115,118,178,179]. VSMC progenitors may also express SMC 

gene regulator, SRF, which will catalyze the eventual synthesis of intermediate to late stage VSMC 

contractile markers [178]. At this time in development, there is no clear distinction between the 

future PC-populated basal lamina and VSMC-populated tunica media [118]. Potentially, the early 

SMA+ cells may be SMA+/neural/glial antigen 2+ (NG2) (some of which are also desmin+ 

[119]) ancestors of both VSMC and PC [180,181]. This progenitor’s lineage choice may be 

distinguished by its SMA expression, the persistence of which may indicate VSMC fate and the 

discontinuation of which would may indicate PC fate [180]. 

If a progenitor chooses VSMC fate, it will then begin building SMC-specific contractile machinery. 

Chronologically, the presumptive VSMC will express SM22 , calponin-1, h-caldesmon 

[179,180], then the SM1 isoform of SMMHC [182]. Sometime after caldesmon expression, the 

VSMC-ensheathed vessel will gain stability and resistance to hyperoxia [180]. Vascular cells will 

begin to upregulate production of collagens and elastin, ECM proteins that constitute the majority 

of the tunica media [167]. VSMC will also begin forming additional perivascular layers while 

aligning circumferentially [118]. As the contractile complex develops, VSMC will acquire 

intermediate filaments, followed by dense bodies, then thick filaments [183]. Finally, the VSMC 

will complete its toolset with the expression of smoothelin-B [184], then close to birth, the 

expression of the SM2 isoform of SMMHC [185–187].  

Generally, VSMC markers later in the developmental timeline are more lineage-specific. One of 

the earliest markers, PDGFR, is the most nonspecific VSMC marker mentioned in this review. 

While it is expressed in both mural cells, it is also expressed in other vascular cells including 

vascular progenitors [131], endothelial cells [188], fibroblasts [189], and a number of non-vascular 

embryonic and adult cell types [190]. SMA is the next earliest marker and is also found in vascular 

progenitors [130,191] while SMA and SM22 can both be found in myofibroblasts [192]. 

Furthermore, SMA, SM22 and calponin-h1 are all transiently expressed in early embryonic 

cardiomyocytes and skeletal muscles [179,193–195]. The markers that are exclusive to VSMC are 

h-Caldesmon, smoothelin-B, and the SM1 and SM2 isoforms of SMMHC [196]. 



52 

 

 

 

Figure 3.3 Developmental timeline of the vascular smooth muscle cell. VSMC express their 

multitude of characteristics with varying lineage specificity and time points in development. 

Therefore, the presence or absence of certain traits can indicate the cell’s degree of VSMC 

commitment and maturation level. Note that in embryonic development, timescales will vary across 

species and vessel location. As such, this diagram estimates the relative occurrence of events and 

marker acquisition. VSMCs, vascular smooth muscle cells. 

 

Functionally, mature VSMC regulate vessel tone by contracting in response to agonists such as 

angiotensin II, endothelin, and carbachol [152,197,198]. Also, VSMC would exhibit phenotypic 
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modulation (downregulation of contractile markers and increase of proliferation, migration, and 

ECM remodeling proteins) under dedifferentiation factors such as PDGF- and serum (reviewed 

in detail by Owens et al. [90]). 

An important consideration, vascular SMC are not easily distinguishable from visceral SMC. Aside 

from anatomic location, the most apparent distinction is in contraction, where SMC of different 

organs will display varying degrees of tonic or phasic activity [199]. However, this distinction is 

lost in vitro as the molecular makeup of the SMC types are not so different and cellular contractions 

are not signaled by their native microenvironment. Indeed, all VSMC contractile markers are also 

expressed in visceral SMC with the exception of the vascular-specific smoothelin-B [12,184,200]. 

Other differences between vascular and visceral SMC are relatively minor, including the vascular 

SMC’s higher vimentin-desmin ratio and SMA content [201] and the visceral SMC’s additional 

7 amino acid sequence on SMMHC heads [202]. Furthermore, large-scale gene analysis reveals 

that vascular SMC, compared to visceral SMC, preferentially express genes related to the activation 

of the TGF- pathway, activation of the immune system, and communication with EC [203]. This 

hints at many potential distinctions between the two SMC and further studies are needed to 

distinguish specific properties for in vitro identification. 

A key function of VSMC is the integration and stabilization of vasculature. This behavior can be 

observed by simply seeding VSMC with EC undergoing angiogenesis. Typical techniques include 

in vivo implantations with Matrigel plugs [12,128], in vitro Matrigel vasculogenesis assays [133], 

and microfluidic devices for generation of in vitro perfusable vessel formation [204]. With the 

inclusion of VSMC, these nascent vessels may display attributes associated with stability and tone 

regulation such as the narrowing of vessel diameter, increased longevity, decreased permeability, 

and contractile function [204–206].  

Furthermore, VSMC are significant contributors to vessel wall remodeling and express a variety of 

ECM, MMP, and TIMP [128,207,208]. However, most cell types contribute to the surrounding 

ECM to some degree, and ECM proteins are not specific to any one tissue. Therefore, there is a 

large degree of nonspecificity regarding the expression of any ECM and ECM-related protein. 

3.1.4 Considerations for Generating Pure VSMC Populations in Vitro 

A major challenge in stem cell engineering is the generation of pure cell populations. 

Heterogeneous populations can exhibit unpredictable and undesirable behaviors when used in 

research or clinical applications. Specifically, for the clinical application of PSC-derived 

populations, any remaining pluripotent cells risk the formation of cancerous teratomas. In fact, the 

ability to form teratomas is a hallmark of PSC [48]. So how can we achieve the generation of pure 

VSMC populations? Typically, cells can be purified via flow cytometry where the cell in question 

must express a highly lineage-specific surface marker set. Failing that, as in the case with VSMC, 

the process of generating pure populations becomes a significant challenge.  

VSMC do not express lineage-specific surface receptors nor receptor combinations. All specific 

proteins are located within an internal contractile complex, making purification via flow cytometry 

impossible without modifications to the cell. Because VSMC uniquely express SMMHC, which 

has not been found any other cell type thus far [182,209], the expression of SMMHC alone is near 

definitive proof of VSMC lineage. Transgenic cells that express fluorescent labels or puromycin 

resistance have been developed with SMMHC [197,198,210]. While these transgenic cells can be 

purified to produce high purity VSMC populations, the addition gene modification step may not be 
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practical in a clinical application setting. However, VSMC progenitors are varied and numerous 

with many potential surface markers. A viable alternative would be the purification of an 

intermediate population combined with a highly efficient differentiation protocol. 

3.1.5 The McCloskey Lab’s Expertise in Vascular Tissue Engineering 

The McCloskey lab has previously established a protocol for the chemically-defined generation of 

ECs from human [23] and mouse [48–50] PSC sources. The protocol is multistage and first creates 

a kinase domain receptor (KDR) positive, multipotent progenitor before inducing EC fate. This 

KDR+ progenitor (also known as a vascular progenitor cell, VPC) is analogous to a cell in 

embryonic development’s LPM and is known to be multipotent for both ECs and VSMCs [51]. The 

McCloskey lab is in the process of modelling the codifferentiation of ECs and VSMCs from VPCs. 

The McCloskey lab also has expertise in forming microvasculature within the compartmentalized 

environment of microfluidic devices [46]. These devices typically drive vasculogenesis of human 

umbilical vein ECs (HUVECs) via direct contact with fibrin gel and paracrine signaling from 

fibroblast cocultures [47]. The McCloskey lab is in the process of improving microfluidic 

vascularization by optimizing the different mural cell types that are cocultured. Furthermore, to 

move towards the long-term, clinical goals of the regenerative medicine field, the McCloskey lab 

wants to induce vasculogenesis with PSC-derived cell types. 

To support the goals of the McCloskey lab, I aimed to derived VSMC from PSC. Specifically, I 

aimed to generate VPC via the lab’s well-established protocol, then guide the VPC to VSMC fate. 

As VSMC cannot be purified, I aim to optimize conditions to generate high purity populations of 

PSC-derived VSMC. 

 
Figure 3.4 Adapted protocol for VSMC generation from PSC. The McCloskey lab has previously 

established a protocol for EC generation from PSC via a VPC intermediate. I will instead guide 

this VPC intermediate to VSMC fate by optimizing the growth factors, ECM, serum replacement, 

and timescale for differentiation. 
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3.2 Materials & Methods 
 

3.3.1 Mouse Embryonic Stem Cell Culture  

A3 and R1 mouse embryonic stem cells (mESC) are maintained on a feeder layer of mitomycin c-

treated mouse embryonic fibroblasts (MEF) seeded on 0.5% gelatin-coated plates. The cells are 

collectively maintained with chemically defined media containing Knockout Dulbecco’s Modified 

Eagle Medium (Invitrogen), 15% Knockout Serum Replacer (KSR; Invitrogen), 1x Non-essential 

Amino Acids (Invitrogen), 1x Penicillin-Streptomycin (Invitrogen), 2mM L-glutamine (Invitrogen), 

0.1mM 2-mercaptoethanol (Calbiochem), 2000 Units/ml of leukemia inhibitory factor (Chemicon), 

and 10 ng/ml of bone morphogenetic protein-4 (BMP-4; R&D Systems). Media was refreshed 

every 2 days and cells were passaged via 1/2x Trypsin (Corning). Passaging included the use of 5 

minutes of gravity separation to isolate healthy mESC from dead and MEF populations. Initial 

seeding density was 3-5k cells/cm3. 

3.3.2 Mouse Embryonic Stem Cell Induction  

mESC were induced on 0.5% gelatin-coated plates without a feeder layer. The cells were exposed 

to a base media containing alpha-MEM (Cellgro), 1Χ penicillin-streptomycin (ThermoFisher), 1Χ 

nonessential amino acids (ThermoFisher), 2 mM L-glutamine (ThermoFisher), 0.05mM 2-

mercaptoethanol (Calbiochem), and 20% fetal bovine serum (FBS, Corning). Optimizations varied 

the concentrations of all-trans retinoic (0-50 μM, atRA, Sigma) in the media, initial seeding density, 

and ECM coating of the substrate.  

3.3.3 Intracellular Mouse Cell Staining  

Mouse cells were first fixed with 4% paraformaldehyde (Tousimis) for 15 minutes at room 

temperature, permeabilized with 0.7% Triton X-100 (MP Biomedicals) for 5 minutes, then blocked 

in a cocktail of 1 mg/mL bovine serum albumin (BSA), 2% FBS, and 2% Human Fc Block (BD 

Bioscience) for 15 minutes. The cells were stained overnight with a 1:200 dilution of anti-SMA-

FITC (Sigma F3777), 1:100 dilution of anti-Calponin-h1 (Sigma, C2687), or 1:10 dilution of anti-

MYH11-PE (Santa Cruz sc-6956). These stained cells were matched to respective isotype controls 

(Biolegend), processed on an LSR II flow cytometer (BD Biosciences), and analyzed on FlowJo 

(FlowJo). 

For fluorescent microscopy, cells were stained with a 1:500 dilution of anti-SMA-FITC (Sigma 

F3777) and 1:15000 dilution of anti-Caponin-h1 (Sigma, C2687).  

3.3.4 Primary Mouse Vascular Cell Isolation and Culture 

Mice from a number of strains (TgN(TIE2GFP)287Sato/J, C57BL/6-Tg(alpha SMA-RFP), 

xCDH5-CRE, Rosa-GFP, C57BL6, NSG, and CDH5-Cre x Rosa GFP) were rendered unconscious 

via cotton-ball soaked isoflurane exposure (Sigma) in a bell jar then euthanized via cervical 

dislocation. For sterility, the mice were thoroughly sprayed with 70% ethanol and dissected within 

a biosafety cabinet. The aorta was removed, and the adventitia was physically stripped.  

To isolate primary mouse VSMC, the aorta was minced and incubated in 1.132 mg/mL Collagenase 

type II (Worthington) in phosphate buffered saline (PBS) at 37°C. Dissociated VSMC were plated 

on 0.5% gelatin (Difco) coated plates with SmGM-2 (Lonza) media. These cells were fed every 

other day and passaged with Trypsin (Corning).  
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To isolate primary mouse aortic endothelial cells (MAEC), the aorta was cut into small sections 

(several mms in diameter). Each piece was sandwiched in between two drops of Matrigel on 0.5% 

gelatin coated plates. Each piece was cut and oriented such that the lumen surface faced the bottom 

of the culture plate.  These pieces were maintained with EGM-2 with Bulletkit (Lonza) with an 

additional 20% FBS that was refreshed every other day after initially waiting 4 days for cells to 

settle. After MAECs have migrated onto the plate, the aorta was removed, and the cells were 

maintained in EGM-2 with Bulletkit.   

3.3.5 Human Pluripotent Stem Cell Culture 

DF-10-0-7T human induced pluripotent stem cells (hiPSCs, WiCell) were cultured with mTeSR1 

(Stem Cell Technologies) on a substrate of human embryonic stem cell (ESC)-Qualified Matrigel 

(Corning) at 37℃ under 5% CO3. Culture medium was refreshed every day and cells were sub-

cultured every 3-4 days using Accutase (Stem Cell Technologies) as the lifting reagent. 

3.3.6 Human Pluripotent Stem Cell Induction 

hiPSC are induced with a base media consisting of α-MEM (Cellgro), 20% knockout serum 

replacement (ThermoFisher), 1x penicillin-streptomycin (ThermoFisher), 1x nonessential amino 

acids (ThermoFisher), 2mM L-glutamine (ThermoFisher), and 0.05mM 2-mercaptoethanol 

(Calbiochem). 

hiPSC are first induced to KDR+ VPCs for 10 days on 100 mm, 10 ng/mL fibronectin-coated plates 

with the aforementioned base media supplemented with 15 ng/mL vascular endothelial growth 

factor (VEGF, Peprotech) and 5 ng/mL basic fibroblast growth factor (bFGF, Peprotech). The 

initial seeding density is 10,000 cells/cm2 and the hiPSC are subcultured on the 5th day. Cell media 

is refreshed on the 3rd and 8th days. 

Sorted cells are cultured in induction media supplemented with an additional 5 μM Rho Kinase 

Inhibitor (STEMCELL Technologies) for 24 hours after sorting. 

KDR+ progenitors are further induced in the base media supplemented by any combinations of 

platelet derived growth factor beta (0-50 ng/mL, PDGF-ββ, Peprotech) and/or transforming growth 

factor beta 1 (0-25 ng/mL, TGF-β1, Peprotech). Optimizations also varied the initial seeding 

density, ECM coating of the substrate . Where specified, KSR is replaced with 2x Nutridoma 

(Sigma).  

3.3.7 Human Cell Staining 

For extracellular markers, human cells are filtered through a 100 μm strainer (Corning) and stained 

at 5-20 million cells per mL with a 1:75 dilution of anti-CD309-PE (also known as KDR, Biolegend 

359904), anti-PDGFR-β-APC (Biolegend 323608), and 1:1000 of a Viability Fixative e780 

(eBioscience 65-0865-14) in media on ice for 15 minutes.  

For intracellular markers, human cells are stained at 200,000 cells per mL with either: 1. the 

Transcription Factor Staining Buffer Set (eBioscience 00-5523-00) according to manufacturer 

instructions with a 24 hour staining time or 3. fixation with 4% paraformaldehyde (Tousimis) for 

15 minutes at room temperature, permeabilization with 0.7% Triton X-100 (MP Biomedicals) for 

5 minutes, then staining overnight. Analysis of hiPSC pluripotency was done with method 2 and a 

1:50 dilution of anti-Oct3/4-PE (eBioscience 12-5841-82). Other antibodies, their dilutions, and 

other staining parameters will be listed with the results. 
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3.3.8 Statistical Analysis 

All statistical significance was performed with unpaired, two-tailed, heteroscedastic, student’s t-

Tests.  

 

3.3 Results & Discussion 
 

3.3.1 Optimization of Mouse Vascular Smooth Muscle Fate  

 

3.3.1.1 Optimization of VSMC Fate from A3 mESC 

I began optimization of VSMC fate using atRA. An immediate challenge of using this method is 

the inherent toxicity of atRA. I induced a set of A3 mESC for 6 days at various concentrations of 

atRA from 0 to 50 μM. I quantified the cell count of each condition via hemocytometer along with 

their αSMA and SMMHC expression via flow cytometry. Results (Figure 3.5, N = 1) clearly 

indicate trend where increasing atRA concentration results in decreasing yield. Images of the cell 

culture reveal the qualitative information that increasing atRA concentration results in a larger 

fraction of nonadherent cells (data not shown). This information collectively implies that increasing 

atRA is correlated with increasing cell death. αSMA positive and SMMHC positive cell yields 

decrease along total cell yield. Therefore, even though atRA is an inducer of VSMC fate, its 

increasing concentration does not necessarily result in increasing VSMC yield. 

 

Figure 3.5 The effects of atRA concentration in an A3 induction on total cell and VSMC yield in a 

6-day induction and 5k cells/cm2 initial seeding density on 0.5% gelatin coated substrate (N = 1). 

These an inverse relationship between atRA concentration and cell yields.  

 

Although increasing atRA concentrations result in decreasing yield, I explored the possibility that 

it would increase purity. As VSMC lacks surface markers, it cannot be easily sorted, making purity 
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an important result of a differentiation protocol [70]. I induced a set of A3 mESC at various 

concentrations of atRA from 0 to 50 μM and analyzed the results at days 6, 9, and 13. Results 

(Figure 3.6, N = 1) indicate that atRA concentration has little effect on resulting VSMC purity. 

Surprisingly, a complete absence of atRA yields a similar result to any condition containing atRA. 

This result is difficult to explain as it appears highly coincidental that just serum can guide a 

significant fraction SMC fate. Perhaps this is simply noise from the undefined nature of serum and 

an N = 1. Or, as I will explain later in the chapter, there can be significant issues with VSMC marker 

antibodies. However, compared to an absence of atRA, cells exposed to atRA demonstrate an 

elongated, striated morphology associated with muscle cells (Figure 3.6B). 

Meanwhile, increasing the time scale beyond 6 days results in a steady decrease in the percentage 

of the population with SMMHC. After 6 days, the αSMA percentage increases to near 100%. This 

result is congruent with the paradigm of VSMC plasticity where mature VSMC will dedifferentiate 

after exposure to high concentrations of serum. This dedifferentiation results in a loss of mature 

marker expression such as SMMHC [70]. 

To demonstrate that this atRA induction protocol was applicable to the other mESC cell lines, R1 

mESC were induced with 25 μM of atRA and stained with VSMC markers then imaged with 

fluorescent microscopy (Figure 3.6C).  
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Figure 3.6 atRA-based induction of VSMC from mESC. A) Percentage VSMC marker expression 

induced with 0.5% gelatin with respect to changing atRA concentration and induction time (N = 

1). B) Cell morphology at day 6 with respect to changing atRA concentration. C) Fluorescent 

imaging of R1 mESC-derived VSMC after 14 days of 25 μM atRA exposure.  

 

Next, I attempted to optimize for purity with different ECM substrate. I induced a set of A3 

mESC for 13 days with 10 µM atRA with either µg/mL collagen IV (CIV), 50 µg/mL laminin 

(LN), 50 µg/mL fibronectin (FN), and 0.5% gelatin. Results (Figure 3.7, N = 1) indicate that CIV 

yields the highest purity of SMMHC followed by G, FN, then LN. Gelatin and CIV yield the 

highest αSMA expression and these two ECMs can be considered to yield the highest purity of 

VSMC. This is congruent with the fact that in vivo, CIV is most closely associated with VSMC 

as CIV resides alongside VSMC in the tunica media [168]. Gelatin is a denatured form of CIV 

while FN is found on the lumen face of the vessel with the ECs and LN is found in the basement 

membrane alongside PC [158,167]. 

 

Figure 3.7 The effects of different ECM on VSMC marker expression in an A3 induction with 5k 

cells/cm2 initial seeding density taken to 13 days with 10 µM atRA (N = 1). CIV yields the greatest 

SMMHC expression while gelatin yields the highest αSMA expression. 

 

Next, I attempted to optimize for purity by varying initial seeding density. I induced a set of A3 

mESC for 9 days with 10 µM atRA with an initial seeding density of 1,000 cells/cm2, 5,000 

cells/cm2, or 20,000 cells/cm3. Results (Figure 3.8, N = 1) indicate that lower initial seeding 

densities correlate with higher SMMHC expression but lower αSMA expression. 
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Figure 3.8 The effects of different initial seeding densities on VSMC marker expression in an A3 

induction with 0.5% gelatin coated plates and 10 µM atRA (N = 1). Lower seeding densities 

correlate with higher SMMHC expression but lower αSMA expression. 

 

Optimization of Primary VSMC Isolation 

I also sought to compare my derived cells with its primary counterpart by isolating and analyzing 

mouse aortic smooth muscle cells (mASMC). After surgically extracting the aorta, the cells need 

to be isolated via collagenase digestion (Figure 3.9A). This was a sensitive process that did not 

yield any or too few attached cells in the initial trials and required optimization. 

The parameters of consequence involved the digestion and initial seeding density of the aortas 

(Figure 3.9B). For the thick layers of ECM in the tunica media to be digested properly, the aorta 

needed to be thoroughly minced. This was not achievable until the purchase and use of surgical 

grade dissection scissors. It also required cutting until the aorta was no longer reduceable, which 

took 5 minutes per aorta. Furthermore, the minced aorta needed to be digested in a collagenase 

solution for over 1 hour, or else cells would not be released. The released cells would not survive 

until a minimum seeding density was achieved. This number was optimized to 2 aortas per a 6 well 

plate (9.5 cm2 growth area).  

Other potentially consequential concerns were explored, including the age of the mice, media 

refreshment time after plating, and aorta idle time in PBS. Cells are known to be less proliferative 

as they age, which could impede the isolation and expansion of mASMC with older mice. This 

concern was eventually dismissed after the successful isolation and expansion of mice that were 

over a year old. The newly isolated mASMC also required some time to settle and attach to the 

plate. However, longer wait times could mean that the cells exhausted their supply of nutrients 

before media refreshment. After a week-long wait yielded viable cells, this concern was dismissed. 

Furthermore, I analysed the VSMC marker expression of the isolated mASMC. As the digested 

vessel also contained ECs and potentially cells of the basement membrane and adventitia, mASMC 

purity is necessarily tested. Flow cytometry analysis indicated a majority fraction of cells possessed 
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αSMA (83.5%), an early VSMC marker, Caplonin-h1 (63.3%), an intermediate VSMC marker, and 

SMMHC (78%), a mature VSMC marker (Figure 3.9C). These results indicate that the isolated 

primary cell population is representative of the target mASMC population.  

Mouse aortic ECs (MAEC) were sometimes isolated alongside mASMC for the projects of other 

lab members. Aorta pieces would be cultured within Matrigel ECM which would induce 

angiogenesis of the MAECs. These MAECs would migrate out of the aorta piece and onto the 

culture surface, after which the aorta piece would be removed and processed to isolate mASMC 

(Figure 3.9D). 

 
Figure 3.9 Isolation, optimization, and analysis of primary mASMC. A) Protocol for isolation of 

mASMC. An aorta is surgically removed from a euthanized mouse and its adventitia is physically 

stripped. The aorta is then minced and digested in Collagenase II. The remains of the aorta are 

plated and maintained with smooth muscle media. B)  Optimized protocol parameters for mASMC 

isolation. The crucial parameters for successful isolation involve digestion and initial seeding. C) 

Flow cytometry analysis of VSMC markers demonstrate that isolated populations are majority 

VSMC (N =1). D) MAECs undergoing angiogenesis from a section of a mouse aorta.  

 

Summary of Mouse Cell Optimization 

Both A3 and R1 mESC were guided towards VSMC fate with FBS and atRA. The induction 

protocol was optimized for purity and yield with a variety of conditions. Results indicate that 

increasing atRA concentration yielded lower numbers of VSMC and that atRA concentration had 
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no effect on VSMC purity. However, earlier timescales, lower initial seeding densities, CIV or 

gelatin ECM are all conditions that increase VSMC purity. 

Furthermore, mASMCs were isolated from mice to service as positive controls to compare with 

mESC-derived VSMC. Various conditions in the isolation protocol were optimized to procure 

viable and pure mASMCs. 

However, each experiment was not repeated (N = 1) because the focus of my research pivoted 

towards the serum-free induction of human PSC towards VSMC fate. The lack of serum and use 

of human cells would make the protocol more clinically relevant and potentially more reproducible. 

Moreover, other lab members were moving their studies towards human cells and required human-

induced VSMC to support their studies. Therefore, the mouse VSMC induction protocol was 

abandoned and replaced with optimization of a new protocol.  

 

3.3.2 Optimization of Human Vascular Smooth Muscle Fate 

 

Generation of KDR+ Vascular Progenitors 

The protocol for generating this progenitor cell, which was optimized by other members of the 

McCloskey lab, involves inducing hiPSC for 10 days with 15 ng/mL of VEGF and 5 ng/mL of 

bFGF. Instead of serum, the base media uses the chemically defined Knockout Serum Replacement 

(KSR) (Figure 3.10C).  

First, I ensured that the hiPSC I was using was properly maintained and pluripotent. Regular 

validation of hiPSC pluripotency showed that the hiPSC used had a mean Oct ¾ expression of 83% 

and a standard deviation of 16% (N = 4, data not shown).      

Then, I ensured that I could repeatably preproduce the protocol for the generation of pure 

populations of KDR+ VPCs with human induced pluripotent stem cells (hiPSC). While KDR+ cells 

are known to be multipotent for VSMC [51], the earliest marker of VSMC recruitment in 

embryonic development is PDGFR-β [118]. To optimize for VSMC multipotency, I analyzed both 

PDGFR-β and KDR expression of the progenitor specification protocol at varying times (Figure 

2.10B). Results indicate that the 10th day of induction, the originally optimized time scale, yielded 

the highest percentage expression of PDGFR-β (N = 1, 36%) and nearly the highest percentage 

expression of KDR (77%). Across all time points, the majority of PDGFR-β+ cells coexpressed 

KDR (data not shown).  Regular validation of the multipotency marker KDR on the 10th day showed 

that on average, 88% of the induced progenitor population was KDR positive with a standard 

deviation of 5% (N = 10, data not shown). 

As VSMC possess no cell type-specific surface marker, VSMC are difficult to purify. Therefore, I 

sought to purify the precursory KDR+ VPCs via FACS, which, in theory, should result in a higher 

final VSMC purity. Initially, the sorting process did not yield viable cells and required optimization. 

Sorting is a stressful process for the cells where the involved cells are passed through a pressured 

channel and exposed to potentially harmful shear forces. Furthermore, cells are exposed to cold 

temperatures during the staining process before sorting. Therefore, the protocol was necessarily 

included the use of a viability stain to prevent the sorting of nonviable cells (Figure 2.10D). 
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Moreover, sorted cells are treated with 5 μM Rho Kinase Inhibitor (ROCKI), an inhibitor of 

apoptosis, for 24 hours following the sort which greatly improves viability (Figure 2.10E). Sorting 

speed was also lowered, thereby reducing sorting pressure, but this parameter made no noticeable 

difference in viability (data not shown). 

 

 

Figure 3.10 Generation of KDR+ Vascular Progenitor Cells. A) Validation of the pluripotency of 

hiPSC. B) Analysis of the multipotency markers KDR and PDGFR-β over time during the 

progenitor specification step. Both markers peak at around the 10th day of progenitor specification 

(N = 1). C) Stepwise protocol for the generation of VSMC from hiPSC. D) Screenshot of the flow 

cytometry software, BD Diva, demonstrating gates for the sorted and unsorted populations. E) 

Phase contrast images of sorted KDR+ cells 24 hours after the sorting process with and without 

ROCKI supplementation. ROCKI supplementation keeps the cells viable where without ROCKI, 

the cells are nonviable.  
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In sum, I was able to replicate the McCloskey lab’s protocol for generating vascular progenitors 

with high efficiency. I also analyzed the PDGFR-β expression, an indicator of VSMC multipotency, 

in the resulting progenitor and concluded that the protocol generates a significant fraction of VSMC 

progenitors. I also optimized the KDR sorting protocol for viability. 

However, the sorting process was eventually removed from the protocol in favor of typical 

passaging. While the sorting process produced viable cells, it greatly reduced the yield of 

progenitors. Furthermore, it greatly increased the cost and effort required for progenitor 

specification and introduced new points of failure. Moreover, the sorting process was deemed 

unnecessary as the purity of KDR+ progenitors was consistently high (mean 88%, stddev 5%, N = 

10). Also, the reliance of the sorting process on ROCKI could potentially affect VSMC 

specification as Rho Kinase is known to play a significant role in VSMC differentiation via 

sphingolipids [211].  

 

Nonspecificity in Smooth Muscle Marker Antibodies 

After KDR+ vascular progenitor specification, the stem cells are optimized for VSMC marker 

expression with different media formulations. I conducted experiments to determine the effects of 

serum replacements, growth factor concentrations, ECM types, and timescales on VSMC fate. 

However, the majority of anti-VSMC marker antibodies used was defective in the context of the 

experiment. They either did not react with a primary VSMC positive control or they reacted with 

a non-VSMC negative control, even compared to isotype controls. 

This antibody nonspecificity issue resulted in years of inconsistent results. The worst of which 

occurred during an induction with KDR+ cells taken to different time points using base media 

supplemented with varying concentrations of PDGF-ββ (Figure 3.11). All 30 data points yielded 

disagreeing values of αSMA, Calponin-h1, and SMMHC expression. Where all three markers 

should simultaneously upregulate or remain negative, Calponin was expressed very highly 

whereas αSMA and SMMHC were negative. 
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Figure 3.11 VSMC marker expression with varying time and PDGF-ββ concentration during 

VSMC specification of VPC. Calponin is high expressed which disagrees with the low expression 

of αSMA and SMMHC. 

 

Chapter 4 details rigorous validations of 7 VSMC marker antibodies in response these analysis 

issues. A SMMHC antibody (eBioscience 53-6400-82 at 1:200 titration) was determined to be 

able to identify its intended epitope most accurately and will be used for the remainder of this 

chapter. 

 

From KDR+ Vascular Progenitor to VSMC 

 

Unsorted KDR+ progenitor cells were directed towards VSMC fate with 10 ng/mL PDGF- ββ and 

3.5 ng/mL TGF-β1 with different timescales, soluble signals, and ECM (Figure 3.12A). Initial 

results were promising, yielding up to 70% SMMHC expression. It also indicated that LN and CIV 

were more conducive towards VSMC fate. Furthermore, SMMHC expression peaked at day 12, 

the later timepoint, which is in line with the knowledge that SMMHC is a late stage marker [185–

187]. 

However, these initial results (N = 1) were not repeatable (Figure 3.12B). The next 4 attempts 

consistently produced SMMHC expressions below 20%. In addition, many samples were lost due 

to nonadherence issues despite attempts to debug with different initial seeding densities (Figure 

3.12C), taking the induction to 20 days, and the use of either TrypLE (Fisher), Accutase (Corning), 

or Trypsin (Corning) as lifting reagents (data not shown). It was eventually discovered that only 
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~30% of the progenitor population was expressing KDR instead of the ~90% that the protocol was 

optimized at. Further debugging experiments could not be conducted due to time constraints. The 

fact that each induction takes over a month, years was spent for faulty data with bad antibodies, 

and the outbreak of COVID-19 halted further research activities. 

Although the marker expression could not be validated, the hiPSC-derived populations were 

introduced to microfluidic devices as support cells for vasculogenesis. Briefly, human umbilical 

vein endothelial cells (HUVEC) and support cells, typically fibroblasts, VSMC, or PC, are seeded 

in a microfluidic channel(s) containing crosslinked fibrinogen. Media is diffused into this ECM-

dense compartment via adjacent channels [212]. Two other graduate students, Lian Wong and Jose 

Zamora, were each provided presumed hiPSC-derived VSMC as support cells and conducted 

independent experiments 2 years apart. Both graduate students were able to leverage the hiPSC-

derived population to induce network formation in the HUVECs (Figure 3.12E&F). This 

demonstrates that the hiPSC-derived populations behaved as perivascular populations do in the 

context of vasculogenesis. 

 

Figure 3.12 Marker and functional analysis of hiPSC-derived VSMC. A) Time and ECM were 

varied and SMMHC expression was analysis. B) Repeating the same experiment yielded different 

results. C) Attempts to debug the issue by varying seeding density did not alleviate lower expression 

levels. D) KDR expression of progenitor cells during VSMC induction debugging. E-F) hiPSC-

derived VSMC promoting vasculogenesis of GFP or CellTracker labelled HUVECs courtesy of E) 

Lian Wong and F) Jose Zamora. 
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3.4 Conclusion 
 

mESC were guided towards VSMC fate with a serum-based atRA induction model while hiPSC 

were guided towards VSMC fate with a serum-free, multistage induction model. Mouse atRA 

induction results indicated that CIV and gelatin as well as low seeding densities were more 

conducive for a purified mESC-derived VSMC population. While the first stage of hiPSC induction 

of KDR+ vascular progenitors was very successful, VSMC specification was hindered by faulty 

commercially available antibodies. However, the limited analysis of hiPSC-derived VSMC 

indicated that the protocol could, albeit inconsistently, produce a VSMC population expressing a 

late stage marker SMMHC. Based on SMMHC expression only, CIV and LN as well as a 12+ day 

induction time is preferred for VSMC fate. Furthermore, this population was able to promote 

vasculogenesis in HUVECs, which is in line with the function of native mural cells.
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Chapter 4: Inadequate Antibodies for Vascular Smooth Muscle Cell Characterization 

 

Abstract 

Flow cytometry, paired with fluorescent antibodies, is a common method for characterizing cell 

phenotypes. However, many commercially available antibodies can be unreliable and validating 

such antibodies is becoming increasingly important. Our laboratory is interested in deriving and 

characterizing vascular smooth muscle cells from embryonic and induced pluripotent stem cells.  

However, most of the commercially available antibodies examined were found to be problematic. 

Attempts to resolve the issues included exploring a range of incubation times, blocking reagents, 

staining kits, and titrating dilutions against both positive and negative control cells. In the end, I 

found that only the smooth muscle myosin heavy chain (SMMHC) antibody at one titrating dilution 

could clearly distinguish between positive and negative controls. Moreover, without adequate 

antibodies for labelling smooth muscle cells, I was not able to continue with my studies on smooth 

muscle cell fate.  
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4.1 Introduction 
Flow cytometry is a popular and powerful tool for the characterization of cells. Specifically, flow 

cytometry enables high-throughput, single cell quantification of size, granularity, and multiple 

fluorescent reporters [213,214]. Paired with antibodies that mark specific epitopes with reporters, 

flow cytometry allows researchers to identify and sort phenotypes with distinct marker profiles 

within a larger cell population. As such, flow cytometry has been used in the characterization and 

isolation of many heterogeneous cell [215–217] and stem cell-derived populations [23,218,219]. 

Critical to the accurate measurement of epitope presence is the optimization of antibody staining 

parameters. Because cells exhibit autofluorescence and antibodies exhibit non-specific binding, 

signal-to-noise ratio must be optimized for each experiment. Typically, antibody concentrations 

need to be titrated to maximize signal for positive control samples relative to the background signal 

[220]. Negative control samples, and sometimes isotype controls, are used to exclude the possibility 

of non-specificity [221]. Nonspecific binding can be further mitigated with the introduction of 

blocking reagents that compete for nonspecific binding sites [222,223]. For example, Fc receptors 

found on many cells bind antibodies via their constant Fc domain rather than the antigen specific 

Fab domain, leading to false positives and meaningless data. In order to prevent this type of binding, 

Fc blocking immunoglobulin from the matching species can ensure that only antigen specific 

binding is observed [223]. Serum is another regularly used blocking reagent but potentially contains 

lower levels of immunoglobulin compared with Fc blocking immunoglobulin. 

However, despite these best practices, commercial antibodies have been reported to be unreliable, 

nonspecific, or completely dysfunctional [224–227]. Berglund et. al validated over 5,000 

commercially available antibodies with immunohistochemistry and Western blot experiments and 

found that approximately half were defective [228]. Other studies have detailed the frustrations and 

wasted resources of researchers who have stumbled upon faulty reagents [229,230]. This has led to 

the need that antibodies be rigorously validated before their results can be trusted [231,232]. 

Our laboratory is most interested in vascular and cardiovascular stem cell differentiation, including 

studies on vascular smooth muscle fate from vascular progenitor cells. The most common markers 

for identifying VSMC are intracellular contractile markers with no cell surface markers available 

for vascular smooth muscle cell identification for live cell sorting. During embryonic development, 

nascent VSMC first express the early marker alpha smooth muscle actin (αSMA) [118] and later, 

the intermediate marker calponin-h1 [179,180]. However, αSMA is also expressed in 

myofibroblasts [192] and both αSMA and calponin-h1 are expressed in early cardiomyocytes and 

skeletal muscles [193,195]. More specific, mature markers include the smooth muscle myosin 

heavy chain (SMMHC) [182] and smoothelin-B (SMTNB) [200], and of these markers, only 

smoothelin-B distinguishes vascular smooth muscle from visceral smooth muscle.  

Here, I report my findings on a variety of antibodies advertised for characterization of vascular 

smooth muscle cells (VSMC). I perform flow cytometry tests on each antibody using primary 

human aortic smooth muscle cells (HAoSMC) as the positive control and non-VSMC types thought 

to be negative for VMSC marker expression. I used two different commercially available 

intracellular staining kits and tested the effects of blocking and stain time on signal quality. Each 

antibody was titrated with the positive and two negative controls. My studies indicate that out of 

the eight antibodies tested, only one antibody was could confidently distinguish between positive 

and negative controls, and only at a specific concentration.   
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4.2 Materials & Methods 
 

4.2.1 Cell Sources 

HAoSMC (Lonza) were used as positive controls for the anti-SMC marker antibodies. Negative 

controls consisted of human umbilical vein endothelial cells (HUVEC, Lonza), human induced 

pluripotent stem cells (hiPSC, WiCell), as well as Jiyoye, Jukrat, K562, and U937 cells (donated 

from Escape Therapeutics). HAoSMCs were expanded in SmGM-2 BulletKit (Lonza), HUVECs 

were expanded in EGM-2 BulletKit (Lonza), and hiPSC were expanded on hESC-certified Matrigel 

(Corning) in mTeSR1 (STEMCELL Technologies). 

4.2.2 Staining Protocol 

Cells were fixed and stained immediately after thawing from cryopreservation. Fixation and 

staining methods followed the manufacturer protocol of each staining kit (eBioscience Foxp3 

Staining Kit and Biolegend Transcription Factor Buffer Set). Unless otherwise stated that cells 

were analyzed with Viability Fixative e780, cells were fixed for 10-15 minutes, blocked with either 

0.5% Human Fc Block (Biolegend) or 2% FBS (Corning) for 30-60 minutes, stained overnight at 

4°C, and if applicable, stained with secondary antibodies for 30 minutes at 4°C. All primary 

samples are matched to a corresponding isotype and unstained sample. All isotype and secondary 

antibodies are used at the same IgG concentration. All samples were processed at 100,000 cells per 

100 μL. Table 4.1 details the catalog numbers of each primary antibody, matching isotype controls, 

and secondary antibodies. Of the 8 antibodies, 6 are advertised to be applicable for flow cytometry. 

Viability Fixative e780 (eBioscience) was used at 1:1000 concentration. 

 

Table 4.1 Antibody list with vendor and catalog numbers, matching isotype, and secondary 

antibodies used in this study. 
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4.2.3 Flow Cytometry and Data Analysis 

Cells were analyzed on a LSR II flow cytometer (BD Bioscience) and data was processed on 

FlowJo (FlowJo). Datapoints with very low forward scatter (FSC) and side scatter (SSC) were 

gated out to exclude debris and very high forward scatter (FSC) were gated out to exclude doublets. 

Signals from the stain were gated at starting above the last 5% of the isotype signal. Samples with 

highly irregular data (i.e. fluorescent intensities lower than unstained controls) were omitted.  

 

4.3 Results & Discussion 
 

My original intent was to debug the issues related to staining my hiPSC-derived VSMC. Therefore, 

I tested antibodies for specificity by validating antibodies against HAoSMCs, which should be 

positive for all VSMC markers, as well as hiPSCs, HUVECs, and several blood cell lineages, which 

should be negative.  

I began by testing the effects of primary antibody incubation time (Figure 4.1A-C) on three 

antibodies, anti-αSMA (eBioscience), anti-caplonin-h1 (Invitrogen), and anti-SMMHC 

(eBioscience). I compared the 30 minute incubation time recommended by the Foxp3 staining kit 

manufacturer for intracellular staining against an overnight incubation. While the overnight 

incubation increased an otherwise low detection signal from all three antibodies used to stain the 

HAoSMC positive controls, it also undesireably increased the signals from the two negative 

controls. I decided to use the overnight incubation in proceeding experiments since it was able to 

raise the overall expression levels of the positive cell type.   

 

Figure 4.1 The effects of incubation time on VSMC marker staining.  Here, we stained HAoSMCs 

as the positive control and cell types, HUVECs and hiPSCs, as negative controls.  A) The effects of 

incubation time of αSMA (eBioscience) antibody. B) The effects of incubation time of Calponin-h1 

(Invitrogen) antibody. C) The effects of incubation time of SMMHC (eBioscience) antibody.  

Staining was conducted at 1:100 concentrations using the Foxp3 staining kit with no blocking.  

 

I then examined the effects of a few different blocking buffers on the signal quality of the poorest 

performing antibody, αSMA (eBioscience, Figure 4.2A), and its corresponding isotype control. 
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Blocking with either 0.5% Human Fc Block (Biolegend) or 2% FBS (Corning) yielded no change 

in signal compared to unblocked samples.    

HUVECs have been reported to transdifferentiate into myoblast or VSMC-like phenotypes under 

certain conditions [233–235]. And hiPSC, being pluripotent, can differentiate into any cell type in 

the body. Under these circumstances, VSMC markers could possibly be expressed on hiPSC and 

HUVEC negative controls Therefore, I additionally tested Jurkat T-cells, K562 bone marrow cells, 

and U937 macrophages as three additional negative cell lines and found the same high level of 

nonspecific binding from αSMA (eBioscience), calponin-h1 (Invitrogen), and to a lesser extent, 

SMMHC (eBioscience) antibodies (Figure 4.2B). 

Protocols often mention that dead cells can cause significant background signal via 

autofluorescence, so I tested the marker expression in conjuncation with Viability Fixative (VF). 

Marker expression was compared between VF+ (dead), VF- (live), and whole populations (Figure 

4.2C). While VF+ populations had marginally higher expression, it was not at a level that could 

account for the high amount of nonspecificty shown in this study. 

 

Figure 4.2 A) The effect of blocking reagents on a-SMA antibody (eBioscience) staining positive 

HAoSMCs and two negative cell types, HUVECs and hiPSCs.  Cells stained with the primary 

antibody or isotype control and blocked for 30 minutes before staining with either 2% FBS or 0.5% 

human FC receptor block. Staining was conducted at 1:100 concentrations using the Foxp3 

staining kit. E) Three different VSMC marker antibodies αSMA (eBioscience), calponin-h1 



73 

 

 

 

(Invitrogen), and SMMHC (eBioscience) were also examined on Jukat T-cells, K562 bone marrow 

cells, and U937 macrophages as negative controls. Cells were blocked with 2% FBS before 

overnight incubation at 1:100 concentrations with the Foxp3 kit. C) hiPSC were stained with the 

Transcription Buffer Staining Kit using 1:200 Calponin (Invitrogen) and 1:100 SMMHC 

(eBioscience) in conjunction with Viability Fixative e780. Marker expression is analyzed on 

populations that are Viability Fixative positive, negative, or without viability gating. 

 

Next, I performed titrations on each of the three antibodies against both positive and negative 

controls with two different staining kits: eBioscience Foxp3 Staining Kit and the BD Transcription 

Factor Buffer Set (Figure 4.3). Primary and isotype antibodies exhibited typical of titrationing dose 

responses where higher concentrations of staining material led to increased numbers of cell 

expressing a fluorescence signal.Among all three antibodies and both kits, only the SMMHC 

antibody (eBioscience) was able to distinguish correctly between positive and negative controls, 

however the window in which the antibody exhibited the correct staining was very small, only at 

the 1:200 concentration (Figure 4.3C&F). However, the SMMHC antibody exhibited this same 

consistency across both labeling kits, but reported large differences in the % positive cells with 

80% reported from the BD Transcription Factor Buffer Set and only 55% positive from the 

eBioscience Foxp3 Staining Kit. Moreover, both the calponin-h1 and αSMA antibodies report more 

positive expressing cells in the negative controls compared to the positive control cells across 

almost all titrating dilutions.  

 

Figure 4.3 Percent VSMC Marker Expression vs. Staining Protocol and Titration.  Antibodies were 

titrated against positive (HAoSMC) and negative (HUVEC and hiPSC) controls with A-C) Foxp3 
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staining kit with 2% FBS as the blocking buffer or D-F) Transcription Factor Set with 0.5% Human 

Fc Block. 

 

I proceeded with the use of the Foxp3 kit to titrate 5 additional SMC antibodies (Figure 4.4). The 

two additional SMMHC antibodies (Santa Cruz Figure 4.4A and Sigma Figure 4.4B) examined 

expressed low signal on positive controls compared to the negative control cells. I also titrated anti-

SMMHC (Santa Cruz) at a higher concentration (1:5-1:50), but that only exacerbated the issue 

(Figure 4.4A). Additionally, neither smoothelin-B (R&D Figure 4.4C) nor αSMA (Sigma Figure 

4.4D) could distinguish between positive and negative controls at any titrating dilution. Only 

calponin-h1 (Sigma Figure 4.4E) at 1:400 was able to distinguish between positive and negative 

cell controls. However, the negative controls’ expression was still too high, reporting 21% and 39% 

for HUVECs and hiPSCs, respecitvely. Although Cheung et al. were able to distinguish between 

their stem cell-derived VSMCs from PSC and HUVEC negative controls, using 1:500 αSMA 

(Sigma), 1:30,000 calponon-h1 (Sigma), and 1:500 SMMHC (Sigma) antibodies using the BD 

Cytofix kit [12],their results were published in 2012, and likely used a different batch of antibodies. 

 

Figure 4.4 Percent VSMC Marker Expression vs. Titration. Dilution for SMMHC antibody from 

A) Santa Cruz, B) Sigma, C) smoothelin-B from R&D, D) aSMA from Sigma, and E) calponin-h1 

from Sigma. All antibodies were titrated against positive and negative controls with Foxp3 staining 

kit. B, D, and E were not blocked. A and C were blocked with 2% FBS and 2% Human Fc for 30 

minutes. 
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4.4 Conclusions 
 

In summary, the SMMHC antibody (eBioscience) exhibited the best signal, though only at the 

1:200 concentration (Figure 4.3C&F). Calponin-h1 (Sigma) also exhibited a positive signal on the 

positive control cells, but the signal on negative controls was still too high to use this antibody with 

confidence (Figure 4.4E). Based on these results, I recommend that  researchers not only titrate 

antibodies for maximum signal, but also titrate positive and negative cell controls. Many blocking 

buffers do not necessarily mitigate nonspecific binding and cannot be relied upon without further 

investigation, and incubation time and different staining protocols and kits can have a noticeable 

impact on the signal output of antibodies and should be considered during antibody evaluation and 

optimization.  Unfortunately for my work on deriving SMCs from hiPSCs, the one low-expessing 

antibody that I find acceptable to use is not enough to proceed with SMC characterization. I have 

still not found enough antibodies that I can use confidently in my studies evaluating SMC fate. 
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Chapter 5: Bioprinting Concentration Gradients for Guided Vascularization 

 

Abstract 

Vascularization has long remained a hurdle in producing artificial thick tissue. While other tissue 

engineering techniques have great success producing microvasculature network formation, few 

bioprinting studies have created similar networks. Here, we draw inspiration from microfluidic 

protocols to produce a bioprinted construct conducive to vascular network formation. Our 

optimized alginate/fibrinogen hydrogel was able to coax human umbilical vein endothelial cells 

(HUVEC) cocultured with normal human lung fibroblasts (NHLF) to produce networks after 5 

days and retain these networks for over a month. The hybrid hydrogel was also able to retain a 

printed VEGF gradient for at least 2 days. Furthermore, we assessed the different network 

formation outcomes with use of different combinations of accessory cells (smooth muscle and 

pericytes). The addition of printed VEGF gradients to these constructs causes the vascular cells to 

aggregate to (what is presumed) the high end of the gradient.   

 

Chapter 5 was completed in collaboration with graduate student Maria Mendoza who performed 

all the cell culture, imaging and data analysis of live cells, as well as the printing and material 

preparation alongside me. 
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5.1 Introduction 
 

The field of regenerative medicine has long been limited by the constraints of vascularization [38]. 

Thick tissues, no matter the method of generation, are subject to the 100-200 µm of oxygen 

diffusion and require perfusable vasculature to supply nutrients [39,40]. Native vasculature 

achieves this with large diameter, contractile arteries that progressively branch into small diameter, 

diffusive capillaries. Vessels of all sizes consist of an endothelial cell (EC) lumen surrounded by a 

host of perivascular cells. The larger arteries possess a thin basement membrane containing 

pericytes (PC), a thick tunica media containing vascular smooth muscle (VSMC), and an adventitia 

with fibroblasts. Meanwhile, smaller capillaries typically consist of just the EC lumen with a very 

sparse layer of PC [70].  

To fully recapitulate native vasculature, artificial thick tissue must necessarily be complex, 

multicellular constructs that integrate multiple vascular cell types with other cells. The current 

paradigm is to interlace large vasculature (>100 µm diameter) with tissue via engineered patterning 

methods [16,41,42]. Meanwhile, capillaries that are smaller than the resolution of engineering 

techniques should self-assemble or sprout from the large diameter vessels [43–45]. Incorporation 

of these requirements in a scalable manner is the holy grail of vascularization in regenerative 

medicine. 

Concentration gradients of growth factors are a crucial regulator of the assembly and regeneration 

process in all tissue. These gradients are well known for guiding cell migration and the 

reorganization of tissue [71]. The presence of natural ECMs provide heparin sulfate proteoglycans 

(HSPG) that bind to growth factors, enabling HSPG to modulate the diffusion of growth factors 

through the microenvironment [236,237]. Vascular endothelial growth factor (VEGF) is one such 

small molecule that is a key promoter of vessel formation where concentration gradients of VEGF 

are known to control sprouting [72]. Interactions between VEGF and fibrin have been known to 

elicit unique responses from EC [238]. Recapitulating gradients can therefore be a valuable tissue 

engineering technique for recreating the complexities of native tissue. 

Bioprinting is a regenerative technique that has gained enormous traction for its promise of creating 

organ-like tissue [33]. However, these tissues are subject to the same vascularization limitations, 

necessitating vascularization techniques to be incorporated into bioprinting [239]. Most 

vascularization strategies in bioprinting involves the fabrication of large diameter vessels with 

techniques such as coaxial extrusion [240–242], fugitive bioinks [16,243], or simply printing 

hollow structures [41,244]. Thereafter, EC can be locally seeded, and perfused nutrients can be 

diffused to the lumen surroundings. But due to a limited resolutions and inability to manipulate the 

microenvironment, the field of bioprinting has struggled to induce small diameter network 

formation [245]. Furthermore, current bioprinting techniques have a limited ability to manipulate 

the microenvironment. In terms of microscale complexity, bioprinters only produce 3D 

environments that are sometimes embedded with a uniform distribution of growth factors. This 

results in a rather undirected tissue assembly process.  

Meanwhile, organ-on-a-chip microfluidic devices have had success recreating perfusable vascular 

networks in vitro [246,247]. Contrary to bioprinting, microfluidic devices can be fabricated with 

high resolutions and compartmentalize fluids for precise control of cell microenvironments [30]. 

This enables vessel-on-a-chip designs where EC are seeded into a 3D environment with fibrin and 



78 

 

 

 

accessory cells that secrete soluble signals or initiate cell-cell contact signaling to promote vessel 

formation [45]. Adjacent channels allow media to diffuse into the dense, cell-laden hydrogel. Key 

to this network formation are accessory cells such as mural cells, fibroblasts, and stem cells, which 

are known to have significant effects on EC functions and vessel formation in vivo [248]. This 

compartmentalization also allows microfluidic devices to generate concentration gradients of small 

molecules [32]. Microfluidics studies have recapitulated VEGF gradients to direct the sprouting 

and vessel formation process [249–251]. Yet despite these advantages, vascularization and 

microenvironment complexity, vessel-on-a-chip designs are not suited for recreating organs as they 

are not conducive to the organ level scales and geometries that bioprinting can achieve. 

Here, we draw inspiration from vessel-on-a-chip designs and incorporate VEGF-guided EC 

network formation into bioprinting while retaining bioprinting’s flexibility and scalability. We 

optimized the composition of a hybrid alginate/fibrinogen bioink that was conducive to network 

formation as well as the printability, crosslinking, and mechanical stability requirements of 

bioprinting. We then quantified the concentration of entrapped gradients with a standard curve. 

Finally, we entrapped a VEGF gradient in our hydrogel and observed the effects of the gradient on 

seeded vascular cells.  

 

5.2 Materials & Methods 
 

5.2.1 Preparation of Hydrogel  

Alginate solution, 2% (w/v), was prepared by gently stirring alginic acid powder (Sigma 180947) 

with phosphate buffered saline (PBS) at 65°C. Fibrinogen solution (Sigma F8630), 10 mg/mL, was 

dissolved in PBS at 40°C for 3 hours. The 2% alginate and 10 mg/mL fibrinogen solutions were 

well mixed at a 1:1 ratio to form our bioink. 2% RGD-linked alginate (NovaMatrix VLVG 

GRGDSP) was used as is. To visualize the material, food coloring is sometimes suspended within 

the solubilized hydrogels. 

5.2.2 Preparation of FRESH Support Bath 

All prints in this study used the freeform reversible embedding of suspended hydrogels (FRESH) 

gelatin support bath which was created according to the protocols of Hinton et al. [15] 4.5% (w/v) 

gelatin solution was created by gently stirring gelatin powder (Difco) with 11 mM CaCl2 (Sigma) 

and 0.1 U/mL thrombin (Sigma) in deionized water at 65°C. 30% of a 16 ounce mason jar was 

filled with the gelatin solution and solidified at 4°C overnight. The resulting gelatin puck was 

separated from its container and the mason jar was filled with 11mM CaCl2 solution before chilling 

at -20°C for ~40 minutes. The chilled contents of the mason jar were blended in an Oster Beehive 

blender (Oster) for 2 minutes. The resulting gelatin particle solution was centrifuged at -5°C at 

3000G for 4 minutes. The supernatant was aspirated, and the gelatin particles were washed once 

with 11 mM CaCl2. The modification to the original protocol is that the support bath is cooled at 

4°C for 24 hours before plating. Plated support baths are centrifuged at 1500G to evenly distribute 

the gelatin particles across the plate. 

5.2.3 Bioprinting Process 

All bioprinting was done with our lab’s custom bioprinter, ModiPrint, which was described in detail 

in Chapter 2.  
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Print sequences were programmed with handwritten commands in the form of modified g-code. 

ModiPrint’s control software converts these commands into a custom language that is streamed to 

the firmware. All print geometries in this study were single-filament thick constructs printed in a 

grid pattern. 

All extrusion used a 100 μm inner diameter chamfered nozzle (Nordson EFD) with 2000 mm/s2 

acceleration, 0.01 junction deviation, and a 250 µm pitch. 2% Alginate was printed at 12 mm/s 

print speeds at 5 psi. 0.5% Alginate hybrid hydrogels were printed at 25 mm/s print speeds with 3 

psi. All drop-on-demand printing used a 100 μm inner diameter nozzle (The Lee Co.). All gradients 

used a 2 mm interpolate distance, 80 μs initial opening time, point geometries, exponential 

gradients, and 500 µm pitch. Live cell prints and FITC-Dextran prints used 45% gradient strength 

with 200 ng/mL of VEGF whereas fluorescent VEGF prints used 95% with 2 ug/mL of VEGF. 

All prints were performed at room temperature with a 4°C. FRESH support bath. The petri dish 

containing the support bath is secured to the print surface. The print sequence begins immediately 

after the nozzle moves to starting position. Embedded constructs were placed in a 37°C incubator 

until the support bath was fully dissolved. Dissolved baths are aspirated, and printed constructs are 

washed with PBS before culture or analysis. 

To achieve sterile prints, the bioprinter was moved inside a laminar flow biosafety cabinet. The 

bioprinter was exposed to UV light for 5 minutes before being thoroughly wiped with 70% ethanol. 

All syringe and nozzle components directly in contact with the hydrogel and cells were autoclaved. 

A HEPA filter was installed upstream of the syringe barrel and all pneumatic circuitry downstream 

of the HEPA filter was autoclaved. 

5.2.4 Cell and Tissue Culture 

GFP-expressing human umbilical vein endothelial cells (HUVECs, Angio-Proteomie) were 

expanded in EGM-2 with Bulletkit (Lonza), normal human lung fibroblasts (NHLFs, Lonza) were 

expanded in FGM2 (Lonza), human aortic smooth muscle cells (HAoSMCs, Lonza) were expanded 

in SmGM2 (Lonza), and RFP-expressing pericytes (PC, Angio-Proteomie) were expanded in 

Pericyte Growth Medium (Angio-Proteomie), according to manufacturer protocols. Cells were 

printed either directly after passage or from cryopreservation.  

Following printing, tissue constructs are maintained in equal parts media of each respective cell 

type and media is refreshed every 3 days. Media was supplemented with 1% Antibiotic-

Antimycotic (Gibco) for the first 3 days. 

Cocultures were printed with a 2:1 ratio of HUVECs and NHLFs at a 3 million cells / mL seeding 

density. Tricultures were printed with a 10:10:1 ratio of HUVECs, NHLFs, and HAoSMCs at 8 

million cells/mL. Tetracultures were printed at a 10:5:5:1 ratio of HUVECs, NHLFs, HAoSMCs, 

and PCs at 8 million cells/mL.  

5.2.5 Cell Imaging 

Fluorescent images were taken with an epifluorescence microscope (Nikon TEU-2000) and NIS 

Elements AR 3.2. Images were processed with ImageJ.  

5.2.6 FITC-Dextran Standard Curve and Gradient 

All FITC-Dextran studies used 2% alginate. Images were taken with 1 second exposure times. 

Fluorescence intensity thresholds were set to exclude artifacts and background. Gradient images 
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were stitched using ImageJ’s stitching plugin [252]. Colormaps and fluorescence intensity plots 

were generated with custom Matlab code. Two images were excluded because of improper stitching. 

FITC-Dextran alginate fluorescence intensities were measured in the presence of mTeSR1 with 1% 

AAS. Printed sheets were incubated at 37°C and 5% CO2 before intensity values were measured 

at later time points. Standard curve linear regression equations were generated using a known y-

intercept calibrated to fluorescent images (N = 4) of a printed hydrogel sheet containing 0 mg/mL 

FITC-Dextran. 

 

5.3 Results & Discussion 
 

5.3.1 Vasculogenesis in Bioprinted Constructs 

Our hydrogel composition incorporated alginate, which adds viscosity for printability, fast 

crosslinking capabilities, and mechanical strength as well as fibrinogen, which provides HSPG 

binding sites and bioactivity for our vascular cell types. The alginate concentration required 

optimization and was trialed at 0.5%, 1%, and 2% (w/v) mixed with the 5 mg/mL fibrinogen. These 

initial experiments were done with 5 mg/mL fibrinogen, and a 2:1 ratio of GFP-HUVECs and 

NHLFs at 3 x 106 cells/mL to mimic optimized conditions used in our microfluidics studies. 0.5% 

alginate was not viscous enough to impart printability and created hydrogels that were too 

mechanically unstable for our long-term study. Meanwhile, network formation was not seen with 

2% alginate for 32 days in culture (N = 3). Alginate lacks ligands for cellular interaction [253], and 

we suspect this is the reason why higher alginate concentrations impeded network formation. 

Therefore, we hypothesized that alginate, functionalized with RGD, may be more conducive 

towards vasculogenesis. However, 2% (w/v) RGD-alginate, without fibrinogen, did not produce 

networks for 33 days. This would indicate that fibrinogen is a critical component in the network 

formation process. Only 1% normal alginate with fibrinogen was conducive to network formation 

where networks began forming as early as day 5 (Figure 5.1). Therefore, 1% (w/v) alginate with 5 

mg/mL fibrinogen was determined to be the optimal concentrations for our hybrid hydrogel.  

 

Figure 5.1 Vascular network formation of GFP-HUVECs seeded with NHLFs and different 

hydrogel compositions (N = 3). In 5 ug/mL fibrinogen 1% alginate hydrogel, network formation 

began as early as day 5 and was prominent by day 20. Network formation was not a behavior 

observed in the RGD-alginate hydrogel. 
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Other bioprinting studies have managed to induce network formation in materials such as collagen 

[254,255], gelatin methacrylate [256,257], and fibrinogen [258]. However, to my knowledge, no 

other paper has used a material that is as inexpensive and easy to handle as our alginate/fibrinogen 

hydrogel to induce network formation. 

5.3.2 Quantification of VEGF Gradient 

We sought to guide our bioprinted networks with the presence of a VEGF gradient. In native tissue, 

growth factors would be immobilized by HSPG binding sites on ECM. Therefore, we sought to 

determine how long a printed VEGF gradient could be retained within a 5 mg/mL fibrin + 1% 

alginate hybrid hydrogel. Our gradient concentration increased across the diagonal of a square, 

single filament sheet of hydrogel.  

While it was easy to visualize a gradient of food coloring, it was difficult to detect a fluorescent 

gradient of VEGF as physiological concentrations of growth factors are too low to support a 

sufficient fluorescent reporter concentration. Even as we iterated towards very high concentrations 

of VEGF (2 ug/mL) with a high, exponential gradient strength of 95% and a long, 10 second 

exposure time on our epifluorescence microscope, the signal-to-noise ratio remained low (data not 

shown). 

Considering the limitations of VEGF, we pivoted to using 40kDa FITC-Dextran as a substitute for 

fluorescently conjugated VEGF. FITC-Dextran is much more cost effective than VEGF which 

allowed us to use high concentrations of the substance in the single digit mg/mL range, greatly 

increasing the signal-to-noise ratio. Furthermore, 40kDa approximates the molecular weight of 

VEGF, allowing us to recapitulate some diffusion characteristics. However, FITC-Dextran does 

not possess the binding sites found on VEGF which would allow for interaction with the ECM 

through heparan sulfates. 

We first created a standard curve by quantifying the mean fluorescence intensities of hydrogels 

mixed with known concentrations of FITC-Dextran (Figure 5.2). While we produced standard 

curves for 4 different time points, only the standard curve at 0 hours would be used to calibrate the 

other experiments.  
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Figure 5.2 Standard curve for 2% alginate mixed with known concentrations of FITC-Dextran. 

Measurements were taken at 4 different time points for 0.1, 0.4, 1, and 4 mg/mL FITC-Dextran. 

Each condition is (N ≥ 3). 

 

We tracked 5 gradient sheets created with 2 mg/mL FITC-Dextran for over 4 days (Figure 5.3). 

We quantified the fluorescence intensities of FITC-Dextran gradients along the direction of the 

gradient using custom Matlab code. The gradients began with a noisy, uneven gradient and smooths 

and decreases in intensity over the course of the study. After 4 days under culture conditions 

without cells, a less concentrated gradient remains intact (Figure 5.3B). Fluorescence intensity 

measurements are susceptible to the distortions of artifacts, air bubbles, and scattering from 

neighboring pixels. Due to the noise, we averaged 5 samples for each timepoint. 

Unexpectedly, the high ends of the gradient were producing fluorescence intensities that were 

exceeding the standard curve’s intensity corresponding to 2 mg/mL, the printed concentration. We 

observed that the printed sheet is noticeably thicker at the high concentration end (data not shown) 

We hypothesize that excess deposition of solution into the support bath disrupts the bath’s integrity, 

causing increased hydrogel dispersion and abnormally high fluorescence intensities. The 

theoretically maximum embedded concentration should be equivalent to the printed concentration. 

Therefore, we estimate that a fluorescence intensity corresponding to 2 mg/mL marks the valve 

open time (6,000 µs with a 100 µm ID nozzle at 5 psi) that saturates the gelatin support bath. In 

line with our hypothesis, fluorescence intensity quantifications deviate from a linear fit after the 

point of saturation (Figure 5.3C). 

We related the ratio of embedded to printed concentration of solute to the microdispensing valve’s 

open time (Figure 5.3C). This figure was generated with 0 Days data from Figure 5.3B where the 

embedded concentration was determined from converting fluorescence intensity data with the 

standard curve from Figure 5.2. Valve open time was determined by converting distance with 

Equation 2.8. Only values below saturation are used to generate the linear regression equation. 
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The standard curve and quantifications in Figure 5.3 are system-specific and we encourage users 

of ModiPrint to determine the fraction of entrapped solutes for each experiment.  

 

Figure 5.3 Quantification of FITC-Dextran gradients. A) Fluorescence density colormaps of a 

15x15 mm sheet containing a FITC-Dextran gradient over time. The colorbar values are 

determined from 0 Hour standard curve regression equation from Figure 5.2. The red line 

represents the 1-dimensional area that is quantified for Figure 5.3B. B) Average fluorescence 

intensities of gradients over time and distance. (N = 5) C) Ratio of final over initial concentration 

of small molecules embedded vs. valve open time. The linear regression equation is calculated with 

values below saturation.  

 

A noteworthy issue that we encountered was bubble formation. ModiPrint moves the printhead 

along the toolpath designated by g-code, stopping every interpolate distance (ID, a user-defined 

parameter) to dispense a droplet. However, this action disrupts the integrity of the support bath, 

and at short ID values (≤ 1 mm) creates gaps in the bath that manifests as bubbles embedded within 

the hydrogel. To mitigate this issue, we used a wider ID of 2 mm, and a slower printhead movement 

speed of 2 mm/s for this study. Chapter 2 results with food coloring gradients demonstrate that, 

qualitatively, such a large ID value does not create uneven gradients (Figure 2.17). And while a 2 
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mm ID necessitates that the gradient must be fabricated on millimeter-scale constructs, further 

optimization can improve the resolution of the gradient. A high exponential gradient strength (95%) 

also created more bubbles than a lower strength (45%). We believe this is also the result of long 

dispense times that is oversaturating the support bath with aqueous solution and disrupting its 

integrity. An improved version of the support bath with better self-healing capabilities (such as 

FRESH 2.0 [244]) or a microdispensing inkjet nozzle with a thinner outer diameter may be able to 

print bubble-free gradients with smaller ID values and higher gradient strengths. 

5.3.3 Guided Vascularization with Bioprinted Concentration Gradients 

Tricultures and tetracultures, embedded with VEGF gradients, are currently ongoing in what is 

planned to be a 40-day experiment. Data from previous experiments (N = 1) indicate that tricultures 

are not conducive to forming networks within 10 days (Figure 5.4, N = 1). On the other hand, 

tetracultures form networks at day 10. It is worth noting that structural stability of these prints was 

not sound because the printed sheets were too wide for their thickness. This caused the tetraculture 

sheet to fold (day 10) which warranted the cancellation and repeat of the experiment. 

Images of the bioprinted sheets indicate that cell clumps form at certain corners of the sheet, a 

behavior not seen in any previous print. This would indicate that the presence of the gradient is 

guiding cell migration or proliferation towards a certain section of the sheet. However, these 

experiments were before the implementation of the protrusion that tracks the high and low ends of 

the gradient, therefore, we do not know if these clumps are forming at the high end. Replicate 

experiments will be necessary to confirm that this behavior is not a coincidence. 

Bioprinted networks here are intended to complement other microfluidics studies in the McCloskey 

lab where other members are studying the effects of accessory cells on microfluidic vascular 

network formation. Our bioprinted experiments replicated the same cell type ratios and densities 

used in the microfluidic studies. Alike the microfluidic cultures, using only NHLFs as accessory 

cells and the tetraculture condition yielded the fastest time to network formation (5 – 10 days). 

Tricultures in the microfluidics were the slowest to form but were also the most stable. We were 

not able to see bioprinted triculture network formation as our experiment is not yet complete. 

Compared to the microfluidic devices, bioprinted networks generally form more slowly, from what 

we hypothesize, due to the presence of alginate which is not conducive to bioactivity.  

 

 

Figure 5.4 Vascular network formation of triculture and tetracultures seeded with different 

hydrogel compositions. Tetracultures formed networks by 10 days whereas tricultures did not. 
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5.3.4 Future Work 

Proliferation, Migration, and Gradient Response 

While preliminary results are promising, more work needs to be done to characterize the effects of 

the artificial VEGF gradient on ECs. We do not know if the clumping effect seen in Figure 5.4 is 

a result of migration, proliferation, or coincidence. While replicate experiments can make the 

results more robust, other experiments can determine the mechanisms of gradient response. 

The McCloskey lab has previous experience and the equipment to conduct time lapse experiments. 

Time-lapse microscopy can be used to track the migration of ECs in response to the gradient. To 

my knowledge, it is difficult to reliably trace the movements of individual cells at the high densities 

that we are printing. If individual cells cannot be traced by software or hand, a fluorescence 

coverage metric used with GFP-ECs, can estimate population changes over time.  

VEGF is known to modulate both the proliferation and migration of ECs [259], but a timelapse on 

a dense population may not be able to decouple proliferation from migration. A printed population 

treated with mitomycin C (MMC) can would not proliferate thus a timelapse measuring only 

migration can be performed. However, MMC is known to modulate mechanisms related to 

vascularization and would be excluded from studies vascularization studies [260]. Proliferation can 

be tracked separately from migration through  nuclear markers of proliferation. Ki67 , or cell cycle 

indicators, such as cyclin A, can be stained at multiple time points and locations in the gradient. 

However, this method would require destroying samples via fixation and single samples cannot be 

tracked over time. 

Our hypothesis from these studies is that ECs at the higher end of the VEGF gradient will be more 

proliferative, and ECs at all areas would migrate towards the high end of the gradient. 

Quantification of Vascular Networks 

Vascular network formation can be quantitatively characterized with AngioTool [261], a 

computational tool that the McCloskey lab is familiar with. AngioTool quantifies metrics such as 

vessel length, density, and branching, where an increase of such parameters indicates improved 

vascularization. Meanwhile, ImageJ’s Directionality plugin can analyze the sprouting direction of 

new vessels. Using these metrics, we can quantify the differences in vascularization between the 

high and low ends of the gradient. We hypothesize that the high end of the gradient would 

experience increased vessel length, density, and branching, and that network directionality would 

be more oriented parallel to the direction of the gradient.     

Material Effect on Vascularization 

We have noticed an increase in network formation time in our alginate/fibrinogen hydrogel 

compared to the pure fibrinogen conditions in microfluidic devices. Furthermore, we did not 

observe network formation in hydrogel compositions containing more than 1% alginate. This leads 

us to hypothesize that the presence of alginate is inhibiting the vascular cells’ ability to remodel the 

surrounding matrix, which would be in-line with literature [262].  

We used alginate in this study for its low cost, printability, and structural characteristics. But 

substitution of alginate with ECMs that contain cell binding motifs can potentially improve network 

formation speed and density. These substitutes can include other hydrogels which have been 

bioprinted and successfully induced network formation such as collagen [254,255] and gelatin 

methacrylate [256,257] as well as RGD-alginate which was demonstrated to be successful with 
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induced pluripotent stem cells in Chapter 2. Collagen is an especially attractive material as its 

processing and printing has been drastically improved with the recent introduction of FRESH 2.0 

[244]. This improved version of the gelatin support bath also allows high resolution printing of 

unmodified collagen and can potentially mitigate bubbling issues with our gradient-patterning 

protocol. 

 

5.4 Conclusion 
 

A hybrid bioink of alginate and fibrinogen was optimized for vascular network formation of 

HUVECs with NHLFs while retaining the mechanical stability and viscosity necessary for 

bioprinting. Under these conditions, printed HUVECs formed vascular networks as early as 5 days 

and retained the networks for over a month. Inclusion of HAoSMCs (triculture) impeded network 

formation while further inclusion of PC (tetraculture) caused network formation to occur at 10 days. 

Furthermore, we were able to embed a gradient of FITC-Dextran into alginate hydrogel, 

demonstrate that a gradient is maintained for 4 days, and quantify the gradient’s concentration. 

Printed vascular cells aggregated at certain corners of the construct in response to a VEGF gradient, 

indicating that cells may have proliferated or migrated in response to the gradient. Further 

experiments are still being conducted to elucidate the effects of accessory cells and VEGF gradients 

on bioprinted network formation. Future studies are being planned for quantification of vascular 

networks and mechanisms of gradient response. Few studies have produced vascular network 

formation in bioprinted constructs, and none have done so with our novel protocol that recapitulates 

the success of microfluidic networks.  
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Chapter 6: Conclusion 
 

Objectives 

The regenerative medicine field is pursuing lofty goals of creating artificial tissue. Larger artificial 

tissue from scalable techniques like bioprinting are valued for their future potential as substitutes 

for organ transplants, which are in constant short supply [3]. Meanwhile, highly functionalized 

tissue from organoids and microfluidics are well suited as an alternative drug testing platform to 

improve an inefficient pre-clinical screening process [7]. Following the discovery of iPSC [5], 

regenerative medicine progressed towards autologous tissues to resolve transplant rejection issues 

and personalized drug testing platforms. This establishes the workflow of regenerative medicine 

where stem cells are derived into target cell types, these cell types are patterned into 3D structures, 

the cells are left to self-assemble and functionalize, then the resulting tissue is characterized, 

implanted, or used for drug testing.  

Currently, tissue engineering techniques cannot completely recapitulate the complexities of native 

tissue. Doing so would require the difficult feat of incorporating multiple cell types, ECM, and 

spatially patterning these components via engineering and self-assembly. Engineering techniques 

typically recapitulate the processes of native tissue, such as concentration gradients [71], embryoid 

bodies [28], and cocultures [212], to coax cells into forming their natural configurations. In the 

same vein, producing tissues that are dimensionally thicker than the limits of diffusion require 

perfusable vasculature. Large diameter vessels are artificially patterned while small diameter 

microvasculature require cells to be induced into sprouting or vasculogenesis [38]. 

Bioprinting is a popular patterning with exceptional geometric flexibility and scalability, 

positioning it to be the most suitable technique for creating artificial organs. However, bioprinting 

is also ill suited manipulate cellular microenvironments and recapitulate complexities which other 

techniques excel at. A major limitation is bioprinting’s requirement for material printability, where 

bioinks must have suitable viscosity for controlled deposition and fast crosslinking to retain its 

printed structure. This greatly reduces the resolution of bioprinting in comparison to other 

techniques and relegates most studies to printing simple microenvironments of homogenously 

distributed ECM and proteins [21]. Furthermore, few bioprinting studies have viably dispensed 

pluripotent stem cells which are potent in self-assembling complex structures such as organoids 

[28]. 

Summary of Findings 

I tackle these problems with bioprinting by creating a highly custom, multi-material bioprinter with 

hardware and software optimizations for improving resolution, viability, construct complexity, and 

accessibility (Chapter 2). This bioprinter, ModiPrint, uses a gas pressurized material reservoir and 

small nozzle diameters for controlled extrusion of semi-viscous materials. I was able to optimize 

this system to produce 100 μm diameter alginate filaments with the aid of FRESH support baths 

[17]. However, resolution is reduced when extruding complex geometries because the constant 

dispense rate of the extruder does not match the non-constant velocity of the XYZ stage. But with 

novel software and a rigid machine frame, I was able to implement fast cornering that reduces the 

velocity differential and retain high resolutions in complex geometries. Furthermore, I was able to 

print hiPSC with high viability and sterility maintained for 30 days without antibiotics. This can be 
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attributed to low travel time between the material reservoir and nozzle that reduces shear stress and 

compact device design that allows complete operation within a biosafety cabinet. The device also 

combines low volume drop-on-demand bioprinting with extrusion bioprinting to produce 

concentration gradients embedded within hydrogels. Unlike other techniques, concentration 

gradients produced by ModiPrint is scalable and not limited by geometry. ModiPrint integrates all 

these features with 3D models and an easy to use UI control software. All hardware components in 

ModiPrint are commercially available and is fully documented for anyone to recreate and operate 

for less than $4,000. All aspects of ModiPrint are open sourced except for the firmware which has 

been commercialized (www.modiprint.com) for a nominal fee. 

I attempted to assist the McCloskey lab’s endeavors in vascularization by adapting their protocol 

for generating EC from PSC to a protocol for generating VSMC (Chapter 3). This VSMC induction 

protocol would provide PSC-derived VSMC to complement PSC-derived EC in the lab’s ongoing 

vasculogenesis studies. By using the same progenitor intermediate, this VSMC induction protocol 

would also allow the lab to study codifferentiation. I also aimed to optimize the protocol to produce 

the purest population of hiPSC-derived VSMC as VSMC lack surface markers that allow further 

purification by sorting. Initially, I used an atRA protocol to derive VSMC from mouse ESC and 

compared its marker expression, via flow cytometry, to primary VSMC isolated from mice aortas. 

I obtained some preliminary data that indicated that lower seeding densities and certain ECM were 

more conducive towards VSMC fate. However, I switched to a serum free protocol using hiPSC 

before completing the data set. I was able to consistently recreate the lab’s protocol for producing 

high purity KDR+ VPC populations. But faulty antibodies invalidated years of data. The valid data 

remaining indicated that the hiPSC-derived VSMC were positive for a late marker, SMMHC, albeit 

inconsistently. However, other lab members were still able to use my hiPSC-derived VSMC 

populations as accessory cells to promote vasculogenesis, indicating that the VSMC behaved as 

mural cells in the context of vessel formation. 

I sought to debug the issues related to the faulty VSMC marker antibodies (Chapter 3). The use of 

antibodies in combination with flow cytometry is a common way to characterize cell populations 

as it can perform high throughput, single cell analysis of multiple fluorescent reporters, cell size, 

and cell granularity. The specific issue I was experiencing was either nonspecific binding or a 

complete lack of binding of the antibodies to their intended epitope. I trialed the common methods 

used to debug this issue, including viability dye exclusions, use of blocking reagents, and the use 

of different staining kits. I then titrated eight different antibodies, with their respective isotype 

controls, against primary VSMC and a variety of negative control cells. Out of all eight antibodies, 

only one, SMMHC from eBioscience, was able to distinguish between positive and negative 

controls but only at a specific concentration. As we could not find more markers to characterize 

our hiPSC-derived VSMC, we could not continue our differentiation studies any further. 

Finally, we were able to create bioprinted vascular networks in vitro which few other studies have 

been able to produce. These networks are the first step towards creating perfusable 

microvasculature in a scalable, geometrically flexible manner. We studied the effects of alginate 

and fibrinogen on network formation and found that fibrinogen was necessary to induce network 

formation and higher concentrations (2 wt/v%) of alginate impeded network formation. In our 

fibrinogen/alginate hydrogel, HUVECs with NHLFs were able to form networks as early as 5 days. 

Adding HAoSMCs (triculture) delayed or inhibited network formation. Additional PC 

(tetraculture) caused networks to form faster at 10 days. Furthermore, we demonstrated that 

http://www.modiprint.com/
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concentration gradients of VEGF could be retained within our bioprinted construct for at least 2 

days. Preliminary data indicate that bioprinted vascular cells embedded with concentration 

gradients form aggregates at specific sections of the printed construct. 

Contributions & Recommendations 

The most impactful contributions of my graduate work are to the field of bioprinting. It is the most 

promising technique for creating artificial organs and large tissue but suffers shortfalls of resolution 

which leads to introduce biological complexity at the cellular level. Many studies optimize 

parameters for high resolution bioprinting, and some have achieved 100 µm diameters as I have 

[34]. However, most techniques require optimizations to the print parameters or materials which 

necessarily compromise other aspects of the printed results. I introduce a novel concept of 

acceleration control which can theoretically be applied to any pressure-driven extrusion printing 

system to improve resolutions without compromising structural integrity or material composition. 

Currently, many bioprinting studies are limited to simple geometries for ease of production and 

characterization. However, native tissues are often more complex and consist of distinct 

layers/compartments of tissues interacting closely together. With continual improvements to 

resolution, printed constructs can better mimic the geometries of native tissue and recapitulate the 

microenvironment. While I, and many others, have introduced optimizations and techniques to 

improve the resolution of bioprinting, extrusion techniques are still typically limited to 100 µm 

resolutions at best. Higher resolutions typically require smaller diameter nozzles which comes with 

the compromise of higher susceptibility to clogging and longer print times. The issue of printing 

higher densities of cells (which are more prone to clogging) while maintaining higher resolutions 

is seldom explored. And to my knowledge, there are no practical methods to ensure that cells remain 

evenly distributed in the bioink throughout long prints. Furthermore, positioning multiple materials 

precisely and consistently is challenging [263]. To create truly complex, high resolution, multi-

material constructs would require calibration protocols currently unknown to bioprinting. 

Advances in 3D printing technology may need to occur before these issues in bioprinting can be 

resolved. 

I introduce a new technique for the fabrication of concentration gradients embedded in hydrogels. 

Concentration gradients are a well-known driving force for cell migration and tissue assembly in 

vivo, and many microfluidics studies have recapitulated this phenomena to manipulate cellular 

behavior in vitro [32]. However, bioprinting has not had the same successes in engineering such a 

complex microenvironment. Only one study has patterned gradients with bioprinting and it does so 

via a multi-nozzle approach [19]. I contribute another novel approach to printing gradients. My 

technique has its shortcomings, such as the requirement of a support bath, specialized control 

software, and large discretization of the gradient (2 mm) to avoid bubble formation. However, my 

technique has many strengths, including the simplification of the process to only 2 materials and 

full software integration which allows for the practical generation of complex gradient geometries. 

Unlike other bioprinting and microfluidics approaches, my gradient approach fully retains the 

flexibility, geometric advantages, and scalability of bioprinting. 

Bioprinting hydrogels embedded with small molecule gradients is still a new concept, and the two 

techniques that exist require specialized equipment to execute. Furthermore, my technique and the 

multi-nozzle approach, discretizes the concentration gradient in steps at least hundreds of microns 

large. Gradients generated in such a way would necessarily be large compared to that generated 
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with microfluidic devices and diffusion. To my knowledge, gradients in vivo are typically 

generated by diffusion and gradients in the millimeter length scales may not physiologically 

accurate. Moreover, while microfluidic studies have recapitulated gradients and demonstrated their 

efficacy in controlling cell behavior, few studies have demonstrated the efficacy of gradients as an 

engineering tool to guide the formation of tissue. Much more work in surrounding fields would 

need to eb accomplished before concentration gradients in bioprinting can be more than just a 

novelty.  

Many research groups are designing their own bioprinters, modifying thermoplastic printers with 

limited functionality, or purchasing expensive commercial devices. I introduce an alternative, low 

cost machine for research groups that cannot commercial devices or want novel features. My design 

of a novel, multi-material bioprinter combines high bioprinting (100 µm diameter alginate 

filaments) with the novel methods of improving resolution and embedding gradients. The device 

can also viably dispense hiPSC, which can be useful for future studies that rely on self-assembly 

for tissue functionalization. With the accessibility, feature set, and commercializing of ModiPrint, 

I expect other research groups to use the bioprinter’s features to advance the bioprinting field.  

The only open source bioprinters that are thoroughly documented for others to recreate are 

adaptations of thermoplastic printer which are limited in functionality. High performance, custom 

bioprinters are often not documented beyond the materials and methods sections. Even leading 

research groups in the bioprinting field introduce their systems with incomplete documentation or 

strange standards. This highly cited Nature paper publishes their C++ control software as a PDF 

file instead of on a dedicated code repository [59]. The field places little emphasis on the 

documentation and recreation of custom bioprinters, a flaw that caused me a great deal of 

unnecessary work to produce my own system. Understandably, few would put in the tedious effort 

to thoroughly document their devices as it does not create more publications. I have spent the extra 

effort to ease other research groups into recreating my technology and I hope I can set an example 

for others to do the same.   

Although my studies with differentiating VSMC from hiPSC were not successful, I did produce 

data on the inconsistencies of several VSMC antibodies. It is considered a necessary practice to 

validate commercially available antibodies before use [221] and many manufacturers offer full 

refunds as researchers become increasingly wary of faulty products. Yet there is only one large-

scale study of commercially available antibodies [228] and relatively few reports from individual 

research groups about faulty reagents. My failed study disseminates little more than which 

antibodies are faulty in the context of VSMC differentiation. Regardless, I believe more of such 

studies need to be reported, because for such a prevalent issue in biology, it is underrepresented in 

the literature.   

My final contribution is that of vascularization in bioprinting, though it is still an incomplete study. 

Artificial thick tissue needs to recapitulate small and large diameter vascular to function as its in 

vivo counterpart. The current paradigm of vascularization in vitro is to sprout small diameter 

vessels from artificially patterned large diameter vessels. Bioprinting has the necessary traits of 

scalability and geometric complexity to produce large diameter vessels, but few bioprinting studies 

have managed to induce network formation. Here, we have induced vascular network formation 

with an alginate/fibrinogen hydrogel. We are continuing studies to understand the effects of a 

VEGF gradient on this system. If successful, we can potentially introduce a new method to guide 
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the directionality of vascular network formation in vitro and functionalize large diameter vessels to 

sprout in response to artificial gradients.  
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