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ABSTRACT  
 
 
 

Soy protein isolate (SPI) has become increasingly attractive for tissue engineering 

purposes because of its abundance in nature (a plant-derived protein), ease of isolation and 

processing, customizable biodegradability, inexpensive cost, and minimal 

immunogenicity. Combining SPI with methacrylic anhydride to form soy-methacryloyl 

(SoyMA) makes it possible to develop a semi-synthetic bioink that can recapitulate in-vivo 

tissue constructs when extruded by a three-dimensional (3D) bioprinter. Bioinks offer an 

ideal biological microenvironment for cells and can be photo-crosslinked easily, ensuring 

cell encapsulation and form fidelity. The long-term goal of this research is to demonstrate 

that SoyMA bioinks can be synthesized to form a 3D cell culture material with a particular 

degree of functionalization (DoF).  Specifically, I propose to develop SoyMA bioinks that 

can be used to fabricate scaffolds mimicking the microenvironment of spinal cord tissue 

using neuronal progenitor cells (pheochromocytoma (PC12) cells) and endothelial cells 

(EC). Using 3D bioprinting, we will test the ability of these scaffolds to promote cell 

adhesion, directed spreading, and proliferation. To control the mechanical properties of 

SoyMA, we will parametrically vary polymerization conditions such as concentration, 

DoF, and photo-crosslinking. We will also evaluate and compare cell viability and 

morphology of cells grown in various stiffnesses of SoyMA scaffolds. Taken together, we 

will demonstrate how SoyMA bioinks, coupled with 3D bioprinting, can be used to 

fabricate dynamic and tunable tissue scaffolds. 
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CHAPTER 1 

INTRODUCTION 

1.1. Anatomy of the Spinal Cord 

The complexity of coordinated motion, homeostatic regulation, and sensory 

perception the human body is capable of is astounding and often taken for granted. At the 

core of it all, over 7 trillion nerves comprise the central nervous system (CNS) and 

peripheral nervous system (PNS). The CNS contains the brain and spinal cord, while the 

PNS contains afferent and efferent nerves situated outside the CNS. The spinal cord (Figure 

1) is part of the CNS located in the vertebral canal and is continuous from the skull base, 

terminating caudally near the coccyx. Spinal cord tissue comprises multiple tissue types 

consisting of white and gray matter organized into four primary regions: cervical, thoracic, 

lumbar, and sacral. These tissues contain extensive vasculature and numerous cell types, 

including glial cells and nerve cells. The spinal nerves are responsible for the two-way 

exchange of signals to the spinal cord, conducting both motor and sensory signals. These 

nerves are organized as ascending, and descending axons to and from the brain are found 

in the white matter, making connections between various vertebral nodes and the brain. 

Protecting these tissues in the dura mater forms a layer that surrounds the spinal cord.1  
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Figure 1. External and Internal Anatomy of the Spinal Cord.   
The specific regions of the spinal cord innervate a specific region of organ or muscle. 
SCI can cause partial or complete paralysis below the level of the injury. The composed 
of grey and white matter, the white matter of the spinal cord is subdivided into ascending 
or descending tracts that transmit sensory-motor information.2 
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1.2. Spinal Cord Injury 

Spinal cord injury (SCI) is caused by a severe blow to the spine, resulting in 

vertebral impingement, fractures, and dislocation.  The resultant injury is followed by an 

intense immune response and will likely lead to loss of spinal function. The National 

Institute of Health has reported approximately 17,000 new SCIs in the United States each 

year.3 The treatment and aftercare for most of these cases incur an average annual cost of 

$250,000 for an SCI patient with substantial socioeconomic implications and a tremendous 

burden on patients, family, and caregivers.4 Vehicular incidents are the leading cause of 

SCIs, followed by falls, acts of violence (mostly gunshot wounds), and recreation/sports 

activities. When an SCI occurs, blood vessels, axons, and vertebrae can be damaged or 

severed. Patients typically suffer from immediate spinal shock, resulting in varying degrees 

of temporary, or sometimes permanent, paralysis.5 The immune response associated with 

SCI is extreme, beginning with an immediate swelling of the spinal canal, restricting blood 

flow to the injury, and continues in a cascade effect of pro-inflammatory signaling and 

subsequent protracted neuronal loss.6 The inflammatory response within the CNS acts as a 

signaling source, recruiting cytokines and other signaling molecules, leading to the 

upregulation of inflammation and inhibit axonal regrowth (Figure 2). This cascade of 

secondary damage results in the formation of the glial scar, a barrier consisting of an 

accumulation of oligodendrocytes and reactive astrocytes.7 The glial scar limits the extent 

that axons can regrow into the injured area. Without improved therapies focused on 

mitigating the natural immune response, SCIs will continue to have unnecessary and 

devastating effects on those affected. 
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Figure 2. Immune Response After SCI. Stages of SCI injury beginning with initial 
mechanical injury causing a protrusion into the blood-brain barrier. Next, an 
inflammatory response causing the recruitment of immune cells. Afterward, 
oligodendrocytes and activated astrocytes form the glial scar, protecting the undamaged 
tissue. Lastly, regeneration of neuronal tissue is restricted due to scar formation. 
 
 

1.3. Scaffolds for Spinal Cord Regeneration  

A promising approach to help direct axonal regrowth to damage areas of SCI is the 

use of scaffolds. Recent investigations into scaffold fabrication to induce tissue 

regeneration using materials and methods such as electrospinning, injection molding, and 

controlled freezing to generate channels demonstrate innovative approaches towards 

neuro-assistive conduit fabrication. Zamani et al. electrospun poly-lactic-co-glycolic acid 

(PLGA) into nanofibrous core-sheaths to form scaffolds that directed cell orientation and 

growth.8 Moore et al. used injection molding of PLGA combined with solvent evaporation 

to build scaffolds with distinct channels of various sizes and geometries.9 Saglam et al. 

utilized regular and controlled freezing to generate channels (Figure 3) from gelatin 

crosslinked with genipin, seeding these scaffolds using a mono-culture of neuronal cells 

and co-culture of neuronal and endothelial cells demonstrating neuritogenesis only within 
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co-culture conditions.10 The research performed by these groups reveals several different 

approaches working towards the same goal, forming a “bridge-like” construct that can 

assist and improve regrowth of axons after SCI. However, since these fabrication 

techniques all form random size and geometry channels, precise and replicable control of 

channel morphology, distribution, and diameter remains a limitation. Utilizing fabrication 

methods capable of repeated deposition of material in exact quantities, morphologies, and 

density provides a natural progression towards optimized scaffold fabrication. Bioprinting 

scaffolds offer the ability to implement these parameters using techniques such as 

extrusion-based bioprinting (EBB), stereolithography, inkjet, and laser-assisted deposition 

of bioink materials.11,12,13  

 
Figure 3. Controlled Freezing Scaffolds. A) 20mm disk cut from cylindrical freeze/dried 
scaffold. B) Phase contrast microscopy of longitudinal channels in the scaffold. C) 
Endothelial cells & GFP-PC12 cells aligned within longitudinal channels.10 

 
 

 
Figure 4. Methods of 3D bioprinting. Four primary bioprinting techniques 
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1.4. Bioprinting  

3D Bioprinting is an additive manufacturing technique for developing complex 3D 

structures that enable the deposition of bio-supportive materials (mechanical or chemical 

bioinks) or biomaterials encapsulating living cells (cell-laden bioinks). EBB is a well-

established technique using pneumatic, syringe, or screw-based pressure to extrude the 

bioink material onto a platform that offers cost-effectiveness advantages, cell distribution 

control, and moderation of environmental conditions.14,15 The EBB method allows bioinks 

to be precisely and repeatedly extruded from common plunger-based syringes using tool 

paths to form 3D structures. Derived from computer-aided design (CAD) models, control 

over printing parameters such as infill patterns, extrusion speed, and bioink material 

selection can be implemented. CAD models can be produced using 3D medical images 

obtained by magnetic resonance imaging, computed tomography scanning, and other 

techniques providing exact dimensions of tissue structures of interest.16,17 There is 

excellent potential to generate high-volume in-vitro and in-vivo tissue systems using these 

robust tools and materials.18,19  

 
1.5. Bioink Material Selection and Functionalization 

Careful selection of the precursor bioink materials for bioprinting is essential for 

biocompatibility, printability, and form fidelity.20 Materials considered for bioinks should 

be well studied and readily modifiable to ease formulation of mechanically biomimetic and 

functionally robust tissue constructs while reducing economic barriers.21,22 Naturally 

produced materials provide numerous mechanical, chemical, and biological advantages 

over synthetic substances, rendering them ideal for tissue engineering applications. 

Advantages such as promoting cell adhesion and growth through inherent binding sites and 
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signaling pathways make the utilization of natural proteins as bioinks precursors an 

attractive option.23  

SPI has become increasingly desirable for tissue engineering purposes because of its 

abundance in nature (a plant-derived protein), ease of isolation and processing, 

biodegradability, inexpensive cost, and minimal immunogenicity. SPI is a soybean isolated 

protein that contains two main globular subunits: conglycinin 7S and glycinin 11S with a 

molecular weight of 180 and 350 kDa, respectively.24 These two subunits consist of 20 

different amino acids, including leucine, lysine, phenylalanine, valine, methionine, 

histidine, and tryptophan. Amino acids are essential to cell regulatory mechanisms and act 

as signaling conduits. Amino acid-binding proteins, including enzymes and tRNA 

molecules, are the primary conduits of amino acid signaling. Amino acid-binding or lack 

of binding causes signal transduction events; therefore, using materials that increase the 

availability of intracellular amino acids may enhance protein biosynthesis and 

metabolism.25  

SPI is considered the most functional of the soy protein derivatives and often 

contains high concentrations of protein (>90 %). SPI has been heavily utilized as a plant-

based alternative in the food industry with nutritional supplements, fillers, and additives.26 

Additionally, SPI can be processed into structures of different stiffnesses such as fibers, 

gels, or films, demonstrating that multiple material confirmations are possible.27,28,29 

Several methods for the fabrication of scaffold constructs using SPI-based materials have 

been published, including thermal treatment, pressure treatment, and cold-set salt-induced 

gelling.30,31 However, SPI constructs developed using such methods have low mechanical 

and water resistance characteristics, limiting their usage in the biomedical fields. To 
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address this limitation, the physical properties of SPI hydrogels have been enhanced by 

enzyme and chemical cross-linkage with agents such as genipin, glutaraldehyde, 

transglutaminase.32,33 However, resultant crosslinked materials have demonstrated limited 

mechanical robustness and lengthy gelation times, which are inadequate for EBB 

fabrication.34 

The inclusion of photoreactive functional groups offers tunable stiffness when 

needed via photopolymerization. Gelatin methacryloyl (GelMA) is a biomaterial widely 

used in bioprinting applications.35 This functionalization enables gelatin to act as a 

mechanically tunable biomaterial while promoting cell adhesion and proteolytic 

degradation.36 However, the status of gelatin as an animal-derived biomaterial poses 

questions regarding the potential stimulation of an immune response.37 Although gelatin is 

generally considered to have low-immunogenicity, recent trends have highlighted the need 

for environmentally sustainable biomaterials derived from sources free of ecological 

strains and potential immunogenicity.38  

Combining SPI with methacrylic anhydride to form SoyMA provides a pathway to 

develop a plant-derived bioink that can achieve specified mechanical parameters based on 

the degree of functionalization (DoF) and photoinitiator concentrations.24 Functionalizing 

SPI to create versatile bioinks capable of adjustable stiffnesses can enhance form fidelity 

of bioprinted constructs and incorporate naturally bioactive properties to enhance 

extracellular matrix (ECM) activity.39 As the functions and importance of the ECM 

continues to be elucidated, efforts to modify natural materials with well-established ECM-

supportive abilities will be increasingly sought after. 
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1.5.1 Photoinitiator Selection 

When considering methods of bioink customization, parameters such as solubility, 

pH sensitivity, and cytotoxicity must be considered.  Additionally, photopolymerization 

parameters such as UV energy exposure, DoF, and photoinitiator concentration must be 

carefully curated.40–43 Radical photopolymerizations of functionalized bioinks are initiated 

with UV radiation within desired light wavelengths coupled with radical species that 

absorb the light. The absorbing species then decompose the co-initiator species into 

polymerizing radicals. After light absorption, radical photoinitiation mechanisms are 

commonly categorized into two groups (Type I and Type II) aligned with their radical 

generation process. Type I (cleavage type) involves photoinitiators that dissociate into two 

radicals after photon absorption. Type II (initiating), when excited after light absorption, 

takes a hydrogen atom from a second co-initiator species.44 One of the most common Type 

I photoinitiators, 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propanone 

(Irgacure 2959), is highly soluble in water at low concentrations ( < 2% w/v) but requires 

significant agitation and/or heating to dissolve the initiator into solution. 

Furthermore, Igracure 2959 undergoes photoinitiated polymerization at 365 nm, 

which introduces the potential for mutagenic and phototoxic effects.45 To be considered a 

viable initiator for bioink synthesis, photoinitiators should have an absorbance range that 

exhibits substantial overlap with the light source's emission spectrum for effective 

polymerization. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), a Type I 

photoinitiator, shows promise with measurable absorption in the visible light range from 

400 – 420 nm. Fairbanks et al. has shown that LAP demonstrates increased polymerization 
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rates with light wavelengths of 365nm, improved water solubility, and higher cell viability 

of PEG-diacrylate encapsulated fibroblasts when compared to Igracure 2959 (Table 1). 

 
Table 1. Photoinitiator concentrations.  Cell survival at 24 h when photoencapsulated in 
PEG-diacrylate at various initiation conditions.46   

The efficacy of an excellent photoinitiator is lost without material to initiate. 

Photoinitiators like LAP, most commonly coupled with methacrylic anhydride (MA), work 

with functionalized materials to generate photoreactive polymer networks. The degree of 

functionalization (DoF) of these polymers can be customized to fit the user's needs. Nichol 

et al. demonstrated this by varying the amount of MA introduced during the formation of 

GelMA.47 By varying the level of methacryloylation from 20 – 80% and using 0.5% (w/v) 

of Igracure 2959, the researchers observed that an increase in methacryloylation resulted 

in an increase in the storage modulus of 5%, 10%, and 15% (w/v) GelMA but the swelling 

ratio decreased. Additionally, the cell viability of the 5%, 10%, and 15% (w/v) GelMA was 

92%, 82%, and 75% respectively. Taken together, the functionalization of SPI using MA 

and LAP as a photoinitiator to create a biocompatible and mechanically tunable bioink for 

3D bioprinting establishes a promising toolkit for tissue engineering applications. 
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CHAPTER 2 

AIMS OF THE RESEARCH 

The overall goal of this research thesis is to demonstrate that soy-methacryloyl 

(SoyMA) bioinks can be synthesized and bioprinted to form a three-dimensional (3D) cell 

culture material with a particular DoF. Specifically, we aim to develop SoyMA bioinks 

that can be used to fabricate scaffolds that mimic the microenvironment of spinal cord 

tissue using neuronal progenitor cells (pheochromocytoma cells – PC12) and endothelial 

cells (EA.hy926). Using 3D bioprinting and hydrogel crosslinking, we establish that 

SoyMA bioinks promote cell adhesion and proliferation. To control the mechanical 

properties of SoyMA, we parametrically varied polymerization conditions such as DoF, 

photoinitiator concentration, and degree of crosslinking via UV power modulation. We 

also evaluated and compared cell viability of cells grown in SoyMA and GelMA hydrogels. 

The overall hypothesis of this thesis is that 3D bioprinting of composite scaffolds using 

soy methacryloyl-based (SoyMA) bioinks can support cell proliferation.  Taken together, 

we will establish that SoyMA bioinks, coupled with 3D bioprinting, can be used to 

fabricate dynamic and tunable tissue scaffolds for spinal cord injury repair. 
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2.1. Specific Aims 

Aim 1: Synthesis and Characterizations of SoyMA and GelMA Bioinks determining 

the viability of materials, synthesis techniques, and degree of polymerization control. 

2.1.1. Gelatin and soy protein isolate (SPI) will be chemically functionalized by 

substituting amine and hydroxyl groups with methacrylamide and 

methacrylate groups, respectively. 

2.1.2. Quantification of functionalization of gelatin and SPI methacryloylation of 

low, medium, and high concentrations using ninhydrin assay and secondary 

comparison assay. 

2.1.3. Rheological assessment of ultraviolet (UV) crosslinking GelMA and SoyMA 

using multiple power intensities and photoinitiator concentrations. 

Aim 2: Establish the viability of SoyMA bioink 3D bioprinter extrusion and 

biocompatibility for co-culture of endothelial and pheochromocytoma cells.  

2.1.4. Demonstrate the biocompatibility of SoyMA bioink using mono- and co-

culture conditions within a multi-well plate. 

2.1.5. Conversion of filament extrusion 3D printer to syringe-based bioink 

extrusion system. 

2.1.6. Determine through 3D bioink extrusion of SoyMA that a scaffold of 

predefined geometry can be successfully 3D printed. 
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2.2. Rationale 

The objective of the Aims and sub-Aims is to formulate a versatile plant-derived 

bioink that is highly tunable for the bioprinting of spinal cord tissue scaffolds. Bioprinting 

allows for automated and precise deposition of materials to fabricate complex structures 

using bioinks. Since SPI low immunogenicity and contains inherent RGD integrin-binding 

domains, we hope this approach to create SPI-based bioinks and bioprinting can be utilized 

for neural tissue engineering by focusing on scaffold development to aid in spinal cord 

regeneration after injury.  
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CHAPTER 3 

MATERIAL AND METHODS 
 
3.1. Aim 1 

3.1.1. Synthesis of SoyMA and GelMA 

  To compare the mechanical properties, gelatin was functionalized alongside SPI. 

Separate solutions of 10% (water-soluble) soy protein isolate (Type – 066110, Clarisoy) 

and gelatin (Type A ~300 bloom, Sigma) were dissolved in a fume hood using type III H2O 

in an appropriately sized beaker with a magnetic stir bar. A pH controller (MC122 PRO, 

Milwaukee) was used to automatically maintain the pH of SPI and gelatin solutions (pH 

11 and 9, respectively) during dissolution. The resulting mixtures underwent moderate 

stirring for 60 minutes at 50˚C to help facilitate dissolution. Once dissolved, a peristaltic 

pump was used to add 0.6 g of MA per 1 g of SPI or gelatin at a flow rate of 0.6 ml/min. 

The solutions were then stirred vigorously for 3 hours. After the reaction period, the 

solution was transferred to 50 ml tubes, and unreacted MA was removed via centrifugation 

at 3,500g for 3 minutes at RT. The supernatant was then transferred to a large (200-500ml) 

glass beaker, and unreacted MA was discarded (opaque and viscous pellet). The solutions 

were then diluted using a 1:1 ratio of preheated (40˚C) type 3 H2O and mixed thoroughly. 

The diluted solutions were then transferred to dialysis membranes (12-kDa MWCO, 

Fischer Scientific) and dialyzed against a large volume of type 3 H2O, which was changed 

once daily for seven days. After dialysis, the pH of SoyMA and GelMA solutions was 

adjusted to 7.4 using 1N HCl and sterilized using 0.2 µm PES filters. Sterilized solutions 

were then divided into aliquots using 50 mL conical tubes and flash-frozen in liquid 

nitrogen. Frozen aliquots were lyophilized until fully dehydrated (typically 4-7 days). 
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Dehydrated SoyMA and GelMA foams were then covered with 3D printed light shields 

and stored in -20 ˚C until use. 

 
Figure 5. Diagram of Methacrylation Process. Amine group and hydroxyl group 
substitution with methacrylamide and methacrylate groups, respectively. 

 
3.1.2. DoF Quantification 

A ninhydrin assay was implemented to determine the number of free amine groups 

still present in functionalized bioink. Duplicate samples of SoyMA / GelMA and SPI / 

gelatin were dissolved in 1X PBS (pH 7.4) in a 50 ˚C water bath and mixed until the 

solution became homogenous and transparent. Ninhydrin powder (Item 151173, Sigma) 

was dissolved in a 1:8 ratio v/v of 95% ethanol:1X PBS to obtain a reagent concentration 

of 2.2mg/ml. SPI and gelatin dilutions were prepared, ranging from 100% to 10% from 

stock 10mg/ml solution. 770 µL aliquots of each dilution and undiluted (10mg/ml) SoyMA 

/ GelMA were transferred to separate microcentrifuge tubes, and 110 µL aliquots ninhydrin 

reagent solution was added to each tube. The samples were incubated in a 70˚C water bath 

for 30 minutes and then removed to let them cool at room temperature for 1 hour. 200 µl 

of each solution was transferred to 96 well-plate in triplicate, and optical absorbance was 
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measured at 570 nm with a plate reader (Infinite 200 PRO, Tecan). The average absorbance 

of the triplicate measurements was calculated, and linear regression was used to obtain 

values from the SPI and gelatin dilution series by plotting the absorbance against relative 

SPI and gelatin concentration (from 0% for blank to 100% for non-diluted SPI / gelatin). 

The absorbance at 570 nm corresponds to the concentration of free anime groups. Any 

reduction in free amine concentration is assumed to be because of methacryloyl 

functionalization. The absorbance of each SoyMA and GelMA sample corresponds to an 

SPI / gelatin concentration of X% on the standard curve. The DoF is then calculated as 

DoF = (100 – X)%. 

To verify the results of the ninhydrin assay, a secondary assay to quantify free 

amine groups was used. 2,4,6-trinitrobenzene sulfonic acid (TNBS) is a fast and sensitive 

test reagent to determine free amino groups. Using this assay method, primary amines react 

with TNBS to form the chromogenic derivatives with an absorbance measured with a 

wavelength range of 335 to 420 nm. For quantitation of amines, we can compare results to 

a standard curve generated with an amine-containing compound, such as an amino acid, 

prepared at various concentrations. First, a bovine serum albumin standard (BSA, Pierce, 

Thermo Scientific) was used to prepare 20-200 µg/ml protein solutions in 1 mL of reaction 

buffer, sodium bicarbonate, pH 8.5. Stock solutions of SPI, SoyMA, Gelatin, GelMA were 

prepared at 1.6 mg/mL in 1 mL of reaction buffer. A working solution of 0.01% (w/v) of 

TNBS in reaction buffer. Next, 100 µL of each standard protein solution and SPI, SoyMA, 

gelatin, and GelMA were added to a separate microcentrifuge tube along with 25 µL of 

working solution. The mixture was incubated at 37˚C for 2 hours, then 250 µL 10% (w/v) 

SDS and 125µL of 1M HCl were used to stop the reaction. 100 µL of all samples were 
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added to a 96-well plate in triplicate, and absorbance was measured at 335 nm. DoF was 

then calculated using the example equation below. 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹 (%) = �1 −
𝐴𝐴𝐴𝐴𝐴𝐴𝑜𝑜𝐷𝐷𝐴𝐴𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐴𝐴𝐴𝐴𝐴𝐴𝑜𝑜𝐷𝐷𝐴𝐴𝐹𝐹𝐹𝐹𝑜𝑜𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆

� ×  100 

Figure 6. DoF Equation. 

3.1.3. Characterization of Mechanical Properties 

  To identify if functionalization and chemical modification of bioink materials has 

yielded desirable mechanical properties, characterization using rotational rheology 

provides a quick and sensitive platform that requires minimal sample size. Parameters such 

as structural homogeneity/heterogeneity, degree of crosslinking, and construct stiffness can 

result in differences in architecture. The linear-viscoelastic regime (LVE) is an area in 

which the storage moduli G' and loss moduli G" can be used to obtain meaningful insights 

into mechanical behavior. By subjecting bioink samples to small amplitude oscillations 

over a range of frequency, detecting the degree of crosslinking and entanglement48. 

Rheology was conducted on StressTech HR oscillatory rheometer (Reologica) using a 

40mm parallel plate attachment. To obtain the in-situ photo-crosslinking rate, a custom UV 

cure plate was fabricated (Figure 7). The in-situ curing plate was designed to be placed 

over the bottom platform, allow for temperature controlling airflow to travel upwards, and 

house an array of 405nm LEDs (3528 SMD, Alarmpore).  An empty 35mm petri dish was 

loaded into the top of the UV cure plate and leveled using a standard bubble level.  
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Figure 7. In-situ Rheology. A) First design iteration. B) Second design iteration 
incorporating mounting dish for optical power sensor. C) Diagram of sample loading 
onto rheometer. 
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The rheometer was then zeroed from the software interface. The power output from 

the UV LED array was calibrated using an optical power meter and photodiode power 

sensor (PM100D / S120VC, ThorLabs). The sensor was placed into the petri dish mounted 

on the UV cure plate fitted with a 3D printed light blocking aperture to reduce the area of 

the light source to fit the diameter of the sensor aperture. Power intensity (mW/cm2) was 

adjusted using an inline dimmer (Nicrew) and USB amperage meter until desired power 

output was achieved. Power to the LED array was then disconnected until testing began. 

First, the SoyMA and GelMA samples at 37°C were loaded onto the UV cure plate, and 

the measurement apparatus (top plate) was lowered until a 0.5mm gap height was achieved. 

A time sweep of 7 minutes was performed at an arbitrary strain and frequency (0.2%, 5Hz 

respectively) while the desired UV power output was applied 1 minute after the beginning 

of the sweep. This time sweep establishes an initial dataset and indicates network formation 

time for a specified UV power output. It is important to note that % strain should be lower 

than the yield strain during the initial data acquisition, and the frequency should be greater 

than the crossover frequency. The time sweep allows for identifying desired storage 

modulus (G') given a specific UV power output and duration. Subsequent strain and 

frequency sweeps can be carried out at the desired G'.  

A strain sweep was used to determine the critical strain level, a point at which the 

structure of the hydrogel network transitions from solid-like behavior towards fluid-like 

behavior. The parameters for the strain sweep ranged from 0.01 to 100% with a constant 

frequency of 5Hz. Next, a frequency sweep was conducted to isolate the equilibrium shear 

modulus (Ge). Ge is isolated by measuring G,' and the loss modulus (G") in the linear-

viscoelastic limit (LVE limit) with the limiting value of G' at the low frequency indicated 



20 
 

the shear modulus. A frequency sweep is also used to identify the lower frequency limit, 

ω1, which is the point at which solid behavior is observed. The strain was set to 1% for the 

frequency sweep, and frequency parameters ranged from 0.1 – 100 Hz. Before strain and 

frequency experiments were conducted, 210 µL of desired SoyMA/ GelMA sample was 

placed in the center of the petri dish, compressed via established gap height, and then UV 

crosslinked for 3 minutes at 1mW/cm2.  

3.2. Aim 2 

3.2.1. Demonstrate Biocompatibility 

3.2.1.1. Cell Culture 

This section will detail cell culturing methods used in all experiments. Two types 

of cells were used, Rat adrenal medullary PC12 pheochromocytoma cells and immortalized 

EA.hy926 endothelial cells. PC12 cells were grown in T-75 flasks using DMEM (Corning) 

supplemented with 7.5% Benchmark FBS, 7.5% horse serum, 1% penicillin/streptomycin, 

and 1 % L-Glutamine (Medium A) and incubated at 37°C in 5% CO2. Media changes were 

performed every other day, and cells were split at 50% confluence at a ratio of 1:6 by gentle 

mechanical dislodging from the flask and propagated for one week. EA.hy926 cells were 

grown in T-75 flasks using DMEM (Corning) supplemented with 10 % Benchmark FBS, 

1% penicillin/streptomycin, and 1% L-Glutamine (Medium B). Media changes were 

performed every other day, and cells were split at 80 % confluence at a ratio of 1:6. 

For co-cultures, both cells must be cultured in the same medium. Therefore, it was 

necessary to adapt one cell type to either medium A or medium B. EA.hy926 cells are 

known to proliferate with different media formulations, so media changes involving this 

cell type were slowly supplemented with medium A. Specifically, media changes for 
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EA.hy926 cells were adapted stepwise from medium B to medium A using the order: 25% 

medium A + 75 % medium, incubate for 24 hours, then exchange with 50% medium A + 

50% medium B, incubate for 24 hours, then exchange with 75% medium A + 25% medium 

B, incubate for 24 hours, and lastly, continue culture using 100% of medium A.  

3.2.1.2 Biocompatibility Testing 

  The following cytotoxicity assay was used to determine if cytotoxic by-products 

were adequately removed and sterility was maintained during GelMA and SoyMA 

synthesis. Once co-cultured cells reached 80% confluency, excess media was removed, and 

1X PBS (pH 7.4) was used to wash the remaining media. Cells were detached using 0.25% 

trypsin, incubating for 5 minutes, adding four times the amount of trypsin added, and 

centrifuged at 800 rpm for 5 minutes. The supernatant was removed, and the cell pellet was 

resuspended at ~1 million cells per mL. 

  To establish bioink testing conditions, 48-well culture plates were used. 100  

µL of 10% SoyMA and GelMA solutions with 0.25% LAP were added to separate wells 

(n = 6).  An additional well for SoyMA and GelMA without cells was used to normalize 

the absorbance for each group. An Additional three wells were filled with medium A only 

as a control. Before seeding, SoyMA and GelMA samples were crosslinked for 5 minutes 

with 1mW/cm2 UV power intensity. Then 100 µL of medium A was added to each well 

and incubated at 37°C for 2 hours. Co-cultured cells were then seeded into each well using 

100 µL (~100,000) cells, excluding control wells. Cell proliferation was analyzed on days 

1, 3, and 6 using the AlamarBlue™ assay. Media was removed from wells, washed once 

with 1X PBS, replaced with 300 µL medium A supplemented with 10% AlamarBlue™ 

reagent, and incubated for 4 hours. Following incubation, 100 µL of supplemented medium 
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from each well was transferred to a separate 96-well plate and replicated three times. A 

plate reader (Infinite F200 Pro, Tecan) with a 545 nm/590 nm excitation/emission 

wavelength parameter was used to obtain absorbance values. 

 
Figure 8. Experimental Conditions for Biocompatibility. 

3.2.1.3. Cell Imaging 

Co-cultured cells were seeded on crosslinked SoyMA and GelMA samples in 48-

well plated. Samples were fixed using 4% paraformaldehyde and incubated at room 

temperature for 45 minutes. Samples were then washed with 1X PBS three times. Then, 

200 µL Hoechst 33342 and 200 µL of Alexa Fluor 488 phalloidin were added to wells 

containing samples and protected from light to incubate at room temperature for 1 hour. 

Finally, samples were washed three times with 1X PBS and imaged using confocal 

microscopy (Olympus)  
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3.2.3. Conversion of FDM 3D Printer to Bioprinter 

3.2.3.1. 3D Printer Languages (G-code and X3G) 

3D printers and other machines capable of motor-controlled motion utilize a widely 

used computer numerical control (CNC) programming language known as geometric code 

or G-code. G-code provides instructions to a machine controller, providing information on 

component speed, path, and other parameters to be implemented during operation. When 

uploaded to a 3D printer, G-code translated by the firmware, converting G-code commands 

into electrical signals that control motors, heaters, fans, and other components. Marlin, a 

multi-platform, open-source, and widely used 3D printing firmware, use a G-code 

derivative to send movement commands (electrical signals) to the 3d printer. This G-code 

derivative is created by a software called a slicer. The slicer contains a configuration 

template of printer-specific parameters like bed size, number of extruders, range of motion, 

and firmware. A 3D model (STL file) is loaded into the slicer. The user sets parameters 

based on the type of material being used, the morphology of the object, and desired 

structural properties. Once settings are chosen, the file is “sliced” into a horizontal section 

of a specific layer height, converting the previously mention parameters into G-code. The 

G-code is then uploaded to the printer, and the object is fabricated. 

Initial motion and EBB experiments were conducted using the stock machine 

controller (MightyBoard, MakerBot) and associated firmware (Sailfish). Sailfish was 

explicitly developed for MakerBot printers and uses X3G files, a binary code format that 

provides machine instructions to the 3D printer. The benefit of using this code format was 

that it provided slight performance improvement on an 8-bit, 16 MHz ATmega processor 

seen on older 3D printers. Although Sailfish firmware and the X3G file format have certain 
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advantages, the open-source community has all but abandoned it in favor of Marlin and its 

G-code derivative. As such, a controller board that utilizes Marlin (or a derivative) would 

offer broader community support and be compatible with a more extensive selection of 

slicing software. The Duet 2 Wi-fi is an open-source, 32-bit controller that supports a 

graphic touch screen interface, wi-fi connectivity, high current stepper drivers (TMC2660) 

with 256 micro-stepping, and utilizes firmware designed for 32-bit processors. 

RepRapFirmware is a fully object-oriented C++ control program derived from Marlin, 

which allows for configuration file editing and updating using a web interface while also 

providing printer status information and options to adjust real-time printing parameters. By 

implementing controller electronics designed for ease of use and rapid modification, time 

used to calibrate and troubleshoot will be significantly diminished. 

3.2.3.2. Filament Printer Modification 

Bioprinting has transformed the biomedical industry, allowing the creation of 

complex biomimetic constructs with high repeatability and throughput. However, all 

commercially available bioprinters cost upwards of $10,000 and require proprietary 

software and materials. To continue the open-source, low-cost ethos, a conventional 

filament-based 3D (Replicator2X, MakerBot Industries) printer was modified using 

inspiration and methods from recent research.49 Stock components were removed, 

including dual extruder assembly, XY gantry platform, bearings on X-axis linear rails, 

side/rear frame plates, and microcontroller. These components were replaced with the 3D 

printed XY gantry, syringe extruder assembly, LMU8SUU linear bearings on the X-axis 

(Figure 11).  CAD files modeled by Hinton et al. included an XY gantry (Figure 9), syringe 

housing core, syringe plate, syringe collar, leadscrew arrestor with clutch, gear plate, 
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leadscrew gear, and NEMA 17 pinion attachment (Figure 10). All CAD models were 

printed using PETG filament at 70% infill. The XY gantry was attached to the linear rails 

by the snap-to-fit assembly, while the syringe extruder assembly was mounted on the 

NEMA motor bracket. The gears were printed using low friction filament (I180, igus). The 

original hardware consisted of a 6/32 lead screw modified using a 4in 6/32 bolt, and two 

6/32 square nuts were modified using a single 6/32 T-nut (Figure 10).  These modifications 

reduced friction between the lead screw and nuts and increased the responsiveness of 

syringe actuation. Lastly, an ½ inch acrylic plate was laser cut (VLS, V6.60) to fit the 

existing build plate and was mounted using large binder clips (Figure 9). Calibration 

markings were superficially engraved to indicate the correct positioning of the needle tips 

and support bath container (Figure 9). 
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Figure 9. Conversion of filament 3D printer to bioprinter. A) MakerBot Replicator 2X. 
B) Filament 3D printer converted to bioprinter. C) XY Gantry with syringe-based extrusion 
system. D) Needles aligned with laser engraved acrylic plate. 
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Figure 10. Extruder Assembly. A) NEMA 17 stepper motor with extrusion system 
attachment and pinon. B) Core of extruder assembly with gear printed with low-friction 
filament and substituted T-nut. C) Extruder core with 2.5- and 5-mL lead screw plunger 
adapters and syringe attachment plates. 
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The existing end-stop wiring was adapted by attaching header cable connectors. 

The stock 19V power supply was upgraded to a 24V power supply (Meanwell). Wiring to 

stepper motors and end-stop micro-switches was extended by two feet to separate 

controller electronics and 3D printer motion system, allowing for bioprinting of constructs 

under aseptic methods, removing the controller, power supply, and LCD interface from the 

printer frame, and separate from the sterile environment. Cables from the power supply, 

stepper motors, and end-stops were attached to a Duet 2 controller board (Figure 11), and 

the upgraded power supply, controller board, touch screen interface, power switch, and 

cooling fans were mounted within a custom component housing (Figure 12). The 

component housing had a modular design to assist with wiring and assembly. The touch 

screen interface was connected to the cover assembly, which was attached to the base using 

M3 bolts (Figure 12). 

 
Figure 11. Upgraded Controller Board. A) Stock controller (8-bit MightyBoard). B) 
Upgraded controller (32-bit Duet 2 wi-fi). 
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Figure 12. Modular Electronics Housing. A) Rendering of the modular base plate. B) 
Assembled base plate with power supply, Duet 2, power switch, air exchange fans. C) Top 
enclosure with PanelDue touch screen. D) Wired and assembled modular base. E) 
Enclosure with the touch screen interface. 
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RepRapFirmware was installed by flashing the board using bossa.exe (Atmel). A 

custom configuration file was adapted from previously used Duet configuration files 

(BigBox 3D printer) to provide framework parameters for syringe-based extrusion. Initial 

configuration file parameters were adapted from Hinton et al., most importantly of which 

involved converting and calculating extrusion micro-steps needed to advance the leadscrew 

of the syringe-extruder core (Figure 10). The stock stepper motors included the Replicator 

2X care capable of 3200 micro-steps per motor spindle revolution obtained by multiplying 

1/16 micro-step by 200 full steps/revolution. Then, multiplying the gear ratio (gear – 47 

teeth/pinion – 13 teeth) by 3200 micro-steps provided the number of micro-steps needed 

for one full revolution; 11,569 micro-steps. Next, the number of full revolutions needed for 

1mm of vertical motion was calculated at 32 revolutions divided by 25.4 mm of travel 

which equals 1.25984 revolutions per 1mm travel. Lastly, by multiplying 16 micro-steps, 

200 full steps, the gear ratio, and 1.25984 revolutions, the total number of micro-steps 

needed for the lead screw to travel 1mm was 14,575. This value was then incorporated into 

the RepRapFirmware as “M92 X88.57 Y88.57 Z400 E14575” 
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Table 2. PrusaSlicer Settings for Bioink Extrusion. ID is the internal diameter of the 
needle. 
  

Pr
in

t  
Se

tti
ng

s 

Layer Height 40% of ID 
- 22 G (0.413 mm X 0.4 = 0.1652 mm) 
- 25 G (0.260 mm X 0.4 = 0.104 mm) 

Vertical Shells 1-3 
Infill 100% 

Speeds (all) 3-10 mm/s 
Travel speed 150 mm/s 

Extrusion Width ID of needle 

Fi
la

m
en

t 
Se

tti
ng

s Filament Diameter ID of syringe (2 mL=6.52mm), 5 mL=12.44mm 
Extrusion Multiplier 0.6 (low viscosity) to 1.5 (high viscosity) 
Cooling thresholds Layer is < 5 sec, slow print speed to 2mm/s 

Pr
in

te
r  

Se
tti

ng
s 

Bed shape Origin is at the center of the build platform 
G-code flavor Marlin 

Custom G-code Start: End: 
T0  
G92 X0 Y0 Z0 
M302 P1 

G92 Z0 
G1 Z20 F300 
M104 S0  
M84 

Nozzle diameter ID of needle 
Retraction length 0.4mm 

Lift Z 0.1mm 
Speed 0.5 mm/s 

Min travel after retract 5 mm 
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3.2.4. Extrusion of SoyMA Hemisection and Channels 

3.2.4.1. 3D Modeling, Slicing, and Printing 
 

3D modeling of hemisection constructs (Figure 13) was performed using Fusion 

360 (Autodesk). Completed constructs were then exported as an STL file and imported into 

PrusaSlicer (Prusa3D). Modifications within the slicing software can be seen in Table 2. 

Hemisection constructs were printed using SoyMA bioink at 100% infill with a layer height 

of 0.162mm. When calibrating extrusion of new materials, the extrusion multiplier 

parameter within the filament setting section should adjust by 0.1 unit increments until 

optimal extrusion volume is obtained. Once two separate models were sliced, the G-code 

file containing the channels was modified by re-orienting the coordinate system so that 

material that would have been extruded on the X-axis would be extruded on the Z-axis 

(Figure 14). The modified G-code was then appended to the end portion of the hemisection 

G-code. During the printing process, after the hemisection was complete, the selected tool 

(extruder) was changed from Tool 0 (SoyMA bioink) to Tool 1 (sacrificial bioink). The 

newly selected extruder was raised 1.435mm above the finished hemi-section and moves 

to the first channel X and Y coordinates. The build plate slowly lowered the needle through 

the printed hemi-section, stopping 0.1mm beyond the bottom-most layer (Figure 15). The 

second syringe extruder was then primed and slowly begun to travel towards the + Z 

direction while depositing the sacrificial bioink. This process was repeated until all 

channels were deposited. During the printing process, UV light was applied to the print 

container at 1mW/cm2 to prevent ink material from leaching into the surrounding 

microparticle support bath. Once the hemisection and channels were completed, the print 

was then moved to a 360° rotational plate and crosslinked for 5 minutes at 3mW/cm2. 
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Figure 13. CAD Renderings and Sliced Models. A) Orthograph view of Hemi-section with 
embedded channels. B) Top view of Hemi-section with embedded channels. C) Front view 
of Hemisection with measurements in mm. D) Sliced hemi-section view in PrusaSlicer. E) 
Sliced channel view in PrusaSlicer. 
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Figure 14. Slicing Procedure for Printing Scaffolds with Channels. 

 

 
Figure 15. Example of Appended G-code for Channel Deposition 
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3.2.4.2. Support Bath Formulation and Characterization 

To improve the fidelity of extruded bioink structures, a microparticle support bath 

was formulated via complex coacervation. First, 2.0% (w/v) of gelatin type B (Sigma), 

0.1% (w/v) gum Arabic (Sigma), and 0.25% (w/v) Pluronic F-127 (Sigma) were dissolved 

in a 50% (v/v) solution of ethanol at 45°C for 10 minutes at 300 RPM. Once dissolved, the 

pH was adjusted to 6.25 using 1M sodium hydroxide (NaOH). To form the supportive 

gelatin microparticles, the solution was transferred to a Cytostir flask (Kontes), stirring at 

300 RPM using radial flow, and cool to room temperature for 8 hours (Figure 16). The 

coacervate was then transferred to 50 mL conical tubes and centrifuged at 175g for 2 

minutes to compact the microparticles. The supernatant was then removed, and the 

microparticle pellet was resuspended with room temperature 1X PBS washing solution. 

This washing step was repeated two times. Once the microparticle coacervate was washed, 

it was resuspended in 1X PBS and stored, uncompacted in 4°C for up to one month. Before 

printing, the uncompacted coacervate was placed in a vacuum for 30 minutes to remove 

air bubbles and centrifuged at 1000g for 5 minutes. The compacted coacervate was then be 

transferred to a printing container 50% larger than the object being printed. Microparticle 

size, distribution, and uniformity were performed on compacted coacervate, diluted in 1X 

PBS, and stained using blue food coloring (McCormick). Slurry microparticles were then 

imaged using an inverted microscope (CKX53, Olympus) and imaged using LCMicro 

software. Microparticle Feret diameter was analyzed using ImageJ. 

Rheological properties were obtained using an oscillatory rheometer (StressTech 

HR, Reologica) with a 40mm parallel plate attachment. The compacted coacervate was 

loaded onto the rheometer and set to 500 µm gap height. All tests were performed at 25°C. 
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A strain amplitude sweep from 0.1 to 100% with a constant frequency of 1Hz was used to 

identify the coacervate linear viscoelastic region and critical yield strain (γc). Next, a 

frequency sweep from 0.1 to 100Hz with a constant strain less than γc was implemented to 

collect storage (G') and loss (G") values. 

 
Figure 16. Formulation of Support Bath. A) Illustration of gelatin microparticles in 
suspension bath. B) Complex coacervation of gelatin, gum arabic, & Pluronic F-12. 

 
3.3. Statistics 

Statistical analysis was performed using Python and Microsoft Excel with data 

analysis ToolPak add-in. Means and standard deviations were calculated for each treatment 

group (mean ± SD). A student t-test (two-tailed) was used to evaluate the effect of the 

treatments with respect to the control. Statistically significant results were determined 

using α = 0.05. All experiments statistically analyzed were repeated a minimum of three 

times. Error bars shown in Figures represent standard deviation unless stated otherwise.  
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CHAPTER 4 

RESULTS 

4.1. Aim 1 

4.1.1. Synthesis of SoyMA and GelMA 

Initial attempts to dissolve the water-soluble SPI in 1X PBS, pH 7.4 at 7.5%, 10%, 

and 12.5% concentrations, lead to visible solute precipitation indicating incomplete 

dissolution (Figure 17). Further research clarified that 1X PBS near-neutral pH (7.4) was 

an efficient buffer and the structure-stabilizing effect of salt reduced protein solubility. It 

is widely known that changing the pH of a solution can change the charge state of its solute. 

If the solution's pH is such that a specific molecule produces no net electrical charge, the 

solute also has minimal solubility and precipitates out of the solution. This pH is called the 

isoelectric point, or pI, at which the net charge is neutral. Jaramillo et al. discovered that 

the pI of SPI occurs at pH 4.6, where the zeta potential of diluted SPI sample decreased 

from positive to negative when pH increased.50 Additionally, they identified that SPI has 

the highest solubility between pHs of 10 and 12. Research performed by Jiang et al. 

demonstrated that shifting and maintaining the pH of aqueous SPI greater than 11 for 1 

hour induces protein unfolding and results in a physicochemical change leading to 

improved solubility. This pH-shifting technique was implemented during SoyMA and 

GelMA functionalization. The buffer solution of Sodium Carbonate-Bicarbonate was 

initially adjusted to pH 11.3 and 9 for SPI and Gelatin. respectively. This buffer system 

helped resist changes in pH during the initial addition of either SPI or Gelatin powder. 

However, dissolution of the remaining solute stopped as pH decreased. The addition of an 

automated pH adjustment system (Figure 17) offset this decrease by adding 5N NaOH 
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dropwise until pH returned to 11.3 and 9 for SPI and Gelatin, respectively. Once the 

dissolution of solutes was complete, the subsequent decrease in pH during and after 

methacrylic anhydride addition was again offset by automated pH adjustment. After 

lyophilization and reconstitution using 1X PBS (pH 7.4), the raw foam material of both 

SoyMA and GelMA was easily dissolved with gentle agitation with no visible precipitation 

(Figure 17). 

 
Figure 17. SPI Functionalization with pH Controller. A) SoyMA at 7.5, 10, 12% (from 
left to right) concentrations without pH automated pH adjustment during the reaction. B) 
Automated adjustment of pH via pH probe connected to a peristaltic pump adding NaOH 
dropwise. C) 10% SoyMA solution with no visible precipitation when reconstituted with 
1X PBS, pH 7.4. 

4.1.2. DoF Quantification 

GelMA and SoyMA functionalization and characterization were performed using a 

protocol developed by Kaemmerer et al.. Minor deviations from this protocol were 

implemented for non-sterile usage and to minimize detoxification duration. During the 

ninhydrin assay to determine the DoF, the expected color change (light yellow to dark 

purple) was not achieved.36 This may have been caused by visible density gradients caused 

by the high glycerol content of ninhydrin reagent. Zatorski et al. developed a solution in 

which the solvent from the original ninhydrin assay (1:2 ratio of sodium citrate monobasic 

to glycerol) was substituted 1:8 ratio of 95% ethanol and 1X PBS. Additionally, the initial 
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ninhydrin concentration (2.5 mg/ml (w/v)) was increased to 20 mg/ml (w/v). These 

adjustments successfully generated expected color change, and viable results were obtained 

(Figure 18). A linear regression line was plotted using calibration curves generated with 

known dilution concentrations of gelatin and SPI. The equation generated from the 

regression provided GelMA and SoyMA concentration values of  0.85 mg/ml and 1.86 

mg/ml, respectively. Using these concentrations, the percent DoF for GelMA was 91% and 

61% for SoyMA. Although it is desirable to have high percentage values for DoF assays, 

the values obtained are deceptively high. Commercially available GelMA materials have a 

DoF ranging from 25 to 74% (Cellink, GelMA). To verify the results of the ninhydrin 

assay, a TNBS assay was performed.  

 
 

  
Figure 18. DoF (%) of SoyMA and GelMA.  Ninhydrin (n=3), TNBS (n=3)  
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4.1.3. Characterization of Mechanical Properties 

4.1.3.2. Crosslinking Kinetics (Initial GelMA) 

  Performing multiple time sweeps over a range of UV power intensity provided 

insight into the amount of energy needed to crosslink our photoreactive bioink and reach a 

specific storage modulus (G') (Figure 19). Using this information, we can ask the question: 

When crosslinking a bioink, given a set amount of time, how much UV power intensity is 

needed to reach a storage modulus of 1000 Pa?  

 
Figure 19. Crosslinking Kinetics of GelMA. Determining the amount of time required to 
reach maximum stiffness (G’) across a range of UV power intensity. 10% GelMA 
concentration with 0.25% LAP. UV power intensity measured in mW/cm2. 

Choosing 1000 Pa as the shared storage modulus across all UV power intensities 

and determining the time it took to reach that modulus for each power level, it was possible 

to plot time (seconds) versus power (milliwatts- mW) (Figure 20). We are also able to plot 

the amount of energy dissipated by multiplying power and time variables, then plotting the 

result, energy (in milliJoules - mJ) versus power (our control variable) (Figure 21). 

Additionally, we can see which power input provides the highest stiffness (maximum 

storage modulus) by plotting power versus maximum G' (Figure 22). However, this plot is 
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not consistent with what was expected. It appears that at higher power outputs, specifically 

10mW, there was a reduction in the storage modulus. This was most likely due to polymer 

melt deformation caused by increased temperature when the UV LEDs are at full power. 

To summarize, the higher the power, the less time it takes to cure the bioink (form hydrogel 

network). We can use this information to determine optimal UV light intensity to cure 

bioinks with known DoF and LAP concentrations while considering which light intensity 

is safest for cell culture. These plots provide us predictions in both directions of efficiency, 

suggesting that the optimal photopolymerization light intensity should be close to 1mW if 

more prolonged UV exposure can be used and 3mW if shorter UV exposure is necessary. 

 
Figure 20. Time(s) vs Power (mW). Determining the time it took to reach a storage 
modulus (G’) of 1000 Pa for a range of UV power intensities. 
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Figure 21.  Energy (mJ) vs Power (mW/cm2). Amount of energy dissipated over a range 
of UV power intensities. 

 
Figure 22. Power (mW) vs Max G'. Determining optimal UV power intensity that provides 
the highest stiffness (maximum storage modulus). 

 

4.1.3.3. Crosslinking Kinetics (Improved SoyMA & GelMA) 

As mentioned in section 4.1.1, the initial synthesis technique of SoyMA failed to 

produce a completely soluble bioink, forming a colloidal suspension. As a result, attempts 

to take rheological measurements failed to yield usable data for in-situ crosslinking, strain, 

and frequency sweeps. This was due to the non-uniform dispersion and size of precipitate 

particles. Using SoyMA and GelMA bioink produce from the improved synthesis method, 

a comparison of crosslinking kinetics using a 0.25% LAP photoinitiator concentration and 



43 
 

3 minutes at 3mW/cm2 UV exposure duration and power intensity was performed. The 

photoinitiator concentration and UV exposure were selected based on commonly used 

values from background literature and previously established crosslinking profiles of 

GelMA (Figures 19, 20, 21, 22). For tests shown in Figures 23, 24, and 25, UV crosslinking 

began 1 minute after data acquisition. Data shown in Figure 23, 24,and  25 clearly identify 

rapid network formation of GelMA across all UV power intensities (Max G’ > ~21,000 Pa 

for duration < 02:00 min). However, due to the thermo-responsive properties of GelMA, 

the storage modulus (G’) decreased as heat emitted from the UV LED array increased, 

reducing G’ below that of SoyMA for all UV power intensity trials. Conversely, the storage 

modulus (G’) of SoyMA continued to increase for the duration of the time sweep with the 

highest G’ obtained from 3mW/cm2 UV power intensity.  

 

 
Figure 23. 1mW/cm2 Crosslinking Kinetics. Storage modulus(G’) of SoyMA and GelMA 
cross-linked for 8 minutes at 1mW/cm2. Maximum G’ of SoyMA (3848 Pa at 8:09) & 
GelMA (21,570 Pa, at 01:47). 
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Figure 24. 2mW/cm2 Crosslinking Kinetics. Storage modulus(G’) of SoyMA and GelMA 
crosslinked for 8 minutes at 1mW/cm2. Maximum G’ of SoyMA (4438 Pa at 7:12) & GelMA 
(30980 Pa, at 01:50). 

 

 
Figure 25. 3mW/cm2 Crosslinking Kinetics. Storage modulus(G’) of SoyMA and GelMA 
crosslinked for 8 minutes at 3mW/cm2. Maximum G’ of SoyMA (7244 Pa at 8:00) & 
GelMA (25780 Pa, at 1:26). 
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UV Power 
Intensity 

1mW/cm2 2mW/cm2 3mW/cm2 

 Max G’ 
(Pa) 

Duration 
(mm:ss) 

Max G’ 
(Pa) 

Duration 
(mm:ss) 

Max G’ 
(Pa) 

Duration 
(mm:ss) 

SoyMA 3848 08:09 4438 07:12 7244 07:12 
 GelMA  21,570 01:47 30980 01:50 25,780 01:26 

Table 3. Time to Reach Maximum Storage for Given UV Power Intensity.  
 

4.1.3.4. Characterization (Strain and Frequency Sweeps) 

 To determine the linear viscoelastic (LVE) region, a strain amplitude sweep from 

0.1 to 100% was used. Figure 26 and Figure 27 indicate structure stability within a range 

of applied stress. The network formed in the samples is maintained (between 0.1% - 3% 

for SoyMA and 0.1% - 8% for GelMA), and the storage modulus is greater than the loss 

modulus, indicating that the material is highly structured. However, when applied stress 

becomes too high (greater than 3% for SoyMA and 8% for GelMA), internal network 

deformation occurs, and the modulus decreases. This is known as the critical strain level, 

when the material’s behavior is non-linear and becomes progressively more fluid-like, with 

the loss modulus eventually exceeding the storage modulus. Typically, the rheological 

properties of a viscoelastic material are independent of strain up to a critical strain level. 

To summarize, the linear viscoelastic region for SoyMA is between 0.1% - 3% and 0.1% - 

8% for GelMA. Since the behavior of a hydrogel network within the LVE region is known 

to be stable, performing a frequency sweep within this region will provide further 

information on the degree of crosslinking, entanglement, and certain details of chain 

architecture.  
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Figure 26. Isolating Yield Strain of SoyMA. When applied strain is greater than 3%, the 
internal network of SoyMA hydrogel begins to deform.  

 

 
Figure 27. Isolating Yield Strain of GelMA. When applied strain is greater than 8%, 
the internal network of GelMA hydrogel begins to deform. Additionally, at 25% strain, 
the hydrogel network completely deformed, causing a steep drop in the storage modulus. 
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Once the limits of the LVE region were obtained, determining the effect of 

frequency helped identify characteristics such as the lower frequency limit (ω1), measure 

the equilibrium shear modulus (Ge), effect of colloidal forces, the interactions among 

particles or droplets, and identifies frequency-dependent viscoelasticity. Figure 28 and 

Figure 29 depict frequency sweeps from 0.1 – 100 Hz, performed within the LVE region 

of SoyMA and GelMA bioinks, respectively. Within the low-frequency region (< 1 Hz), 

long-term behavior can be identified due to slow oscillatory motions. Conversely, the high-

frequency region can be correlated to short-term behavior via rapid oscillatory motion. 

From both figures, both SoyMA and GelMA maintain storage moduli (G’) higher than the 

loss moduli (G”), which infers that elastic characteristics are dominant during applied load. 

When considering the frequency effect on the elastic modulus (or storage modulus- G’), 

negligible dependence was shown. However, the loss modulus (G”) showed a dependence 

at higher frequencies, indicating that changes in viscosity beings alter the material 

response. This was seen more prominently in GelMA samples compared to SoyMA 

samples. For samples with short-term behavior, the viscous response begins to influence 

the response of the material. This is likely due to the generation of heat during rapid 

oscillatory motions and the thermo-responsive properties of GelMA. 
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Figure 28. Frequency Sweep of SoyMA. Frequency range, 0.1 – 100Hz with a constant 
strain of 3%. Frequencies above 50 Hz indicate a crossover point where the structure 
becomes more fluid-like. 
 

 
Figure 29. Frequency Sweep of GelMA. Frequency range, 0.1 – 100Hz with a constant 
strain of 3%. Frequencies above 26 Hz indicate a crossover point where the structure 
becomes more fluid-like. 
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4.2. Aim 2 

4.2.1. Biocompatibility 

AlamarBlue™ is a non-toxic reagent utilizing a water-soluble dye commonly used 

to quantify in-vitro cell viability. Changes in viability can be detected using either 

fluorescence or absorbance using a plate reader. By measuring the degree of fluorescence 

at 590nm, a direct representation of metabolic activity can be obtained, indicating cell 

proliferation or lack thereof. Considering that bioprinted scaffolds would be used for 

extended periods, biocompatibility properties of SoyMA and GelMA were established. We 

investigated the ability of co-cultured PC12 and ECs to grow for six days when seeded in 

uncrosslinked (without LAP) and crosslinked (with LAP) SoyMA and GelMA. Figure 30 

indicates the mean measured fluorescence (n = 9) of each test sample and the positive 

control (with cells). There is no statistically significant difference seen between the positive 

control and samples. However, comparing the test samples and positive control to the 

negative control (no cells), there was an exceedingly significant difference (p < 0.0001). 

This assay has demonstrated no measurable cytotoxic effects of prepared samples and 

suggests that sterile preparation was maintained during synthesis. Figure 31 shows 

crosslinked SoyMA (section A) and GelMA (section B) hydrogels mounted on glass-

bottom petri dishes for confocal imaging. Both PC12 cells and ECs were cultured on each 

hydrogel however, presence of ECs by morphology alone could not be identified. PC12 

cells were tentatively identified by morphology with stained nuclei using Hoechst 33342 

(Blue) and actin filament-binding Phalloidin Alexa Fluor 488 (Green). These results further 

indicate the survival and biocompatibility of SoyMA and GelMA bioinks. Labeling of co-

culture conditions will be incorporated into continuing research to properly distinguish 
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between cells. Utilizing green fluorescent protein (GFP)-labeled PC12 cells to track 

neuronal cell fate and red fluorescent cell tracker dye (Cm-Dil derivative) to track 

endothelial cell fate, will allow visual confirmation of cell type and activity. 

 

 
Figure 30. Biocompatibility Results. There was no significance between any of the bioinks 
tested and the positive control (with cells) for day 1 (min p-value of 0.0673), day 3 (min p-
value of 0.1665), and day 6 (min p-value of 0.0694). There was a significant difference 
between all testing conditions and the negative control (max p-value < 0.0001). (n=9) 
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Figure 31. Confocal Imaging of Cell Seeded SoyMA and GelMA Hydrogels. Crosslinked 
A) SoyMA and B) GelMA hydrogels seeded with PC12 cells and stained with DNA-binding 
Hoechst 33342 (Blue) and actin filament-binding Phalloidin Alexa Fluor 488 (Green) after 
3 days of culture. 

 
4.2.2. Conversion of Filament 3D Printer to Bioprinter 

All components removed from stock Replicator2X filament 3D printer were safely 

stored so that the original format could be easily performed. Panel A of Figure 32 shows 

the condition of the stock 3D printer while panel B shows the completed conversion with 

removed components. Panels C, D, and E of Figure 32 show the attachment of two syringe-

extruders, alignment of the needles using the etched acrylic plate, and the touch screen 

controller used for alignment, respectively. Components for the syringe-extruder were 

printed in triplicate in case of part failure. The 6/32 lead screws available to consumers 
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were only available zinc composite, 6in lengths, leading to rod deformation and thread 

striping during extrusion. During syringe plunger depression, the range of vertical travel 

does not exceed 4in. Therefore, the 6in zinc composite rods were replaced with 4in steel 

precision hex bolts modified by removing the driver head. A visible reduction in leadscrew 

flexion was noticed during operation. 

Additionally, the threads showed no signs of stripping after hours of extrusion 

operation. Another component that needed improvement was the leadscrew / stacked 

square nut interface. The original design called for the insertion of two 6/32 square nuts 

inside of the leadscrew herringbone gear. This mechanism is responsible for receiving all 

power transmission from the NEMA stepper motor pinion. Therefore, any backlash 

between the leadscrew threads and stacked square nut threads will translate into 

inaccuracies in extrusion and retraction speeds and volumes. It will also be translated into 

additional vibration, which could potentially affect print fidelity. Also, inserting the two 

square nuts was extremely difficult because one or both square nuts would shift when 

actuating positive and negative leadscrew motion. The primary herringbone gear was 

redesigned to incorporate a Brad Hold T-nut insertion to overcome this limitation, 

replacing the stacked square nuts with one continuous threaded hole, similar to the Z-axis 

threaded rods commonly found on filament 3D printers (Figure 33). The T-nut reduced 

backlash significantly and provided smooth power reception and transmission from the 

stepper motor to the syringe plunger. Another obstacle appeared during the loading or 

unloading of syringes. The original design incorporated a leadscrew adapter that perfectly 

fits the plunger top and translates motion from the leadscrew to the plunger. However, the 

leadscrew rod must be forcibly threaded into the plastic leadscrew plunger adapter but only 
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after insertion starting at the top of the syringe core, threading through the T-nut of the 

leadscrew gear, through the other side of the core, and then force threaded into the adapter. 

Therefore, to load a full syringe, the lead screw must be unscrewed from the plastic adapter 

and rethreaded. A simple solution was to design a new adapter with a top portion that 

remains threaded onto the lead screw and a bottom portion with interlocking geometry. 

When the syringe needs to be exchanged, the plunger adapter, plunger, and syringe slide 

easily out of the front of the syringe core (Figure 33).  

 
Figure 32. Completed Conversion (Filament 3D Printer to Bioprinter). A) Original 
MakerBot Replicator 2X. B) Converted frame, build plate, XY gantry, and NEMA motor 
mounts. C) Calibration of syringe-extruder needles position D) Syringe needle alignment 
using laser engraved acrylic. E) Standalone modular electronics housing with a touch 
screen interface. 
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Figure 33. Improvement of Linear Motion Translation. A) Redesign of herringbone gear 
for T-nut insert, replacing stacked square nuts, and reprinting herringbone gear using low 
friction filament(iglidur,igus). B) Design of quick-release adapter for syringe plunger and 
addition of UV blocking tape for photosensitive bioinks. 

  

4.2.3. Extrusion of SoyMA Scaffold 

4.2.3.1. Support Bath 

The incorporation of support structures in additive manufacturing techniques 

improves the fidelity of printed structures by reducing errors and limiting inconsistencies 

caused by machine limitations. Users of filament 3D printers can attest to the benefits of 

using support materials when attempting to fabricate complex geometries. Support 

mediums for soft material extrusion have yet to reach the same level of implementation 

compared to the rigid plastic filament. However, Lee et al. have identified a method to form 

microparticles of uniform geometry and size via complex coacervation.49  

Combining gelatin type B and gum arabic allowed for complex coacervation 

between the two polymers, producing microparticles with exceptionally consistent size and 
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morphology. Gelatin is more positively charged in acidic solutions, while gum arabic is 

negatively charged in any solution with a pH greater than 2.2-3, which makes these two 

polymers well suited for complex coacervation. The primary component by weight was 

gelatin type b; therefore, the reaction mixture was coacervated near gelatin's isoelectric 

point, which is pH 4.8 – 5.4 and highly dependent on the bloom and shelf life of the 

material. Figure 34 represents multiple failed attempts to form a uniform microparticle 

coacervate. It was determined that gelatin type B that had been recently purchased through 

Sigma consistently formed dendritic structures during coacervation. pH was adjusted 

through a range of 4.5 to 6.5 in 0.2 unit increments to isolate the optimum pH that was 

slightly above the isoelectric point of the material.  

 
Figure 34. Gelatin/Gum Arabic Microparticles. A) Dendritic particles were formed when 
using recently purchased gelatin type B. B) Older gelatin type B (>10yrs) formed uniform 
microparticles within a pH range of 5.2 - 5.3. 
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However, increasing pH only decreased the size and yield of dendritic particle 

formation seen in Figure 34, panels A and B. Interestingly, when older gelatin type B 

(purchased/stored for >10 years) was substituted, uniform microparticles were easily 

obtained. Since the bloom strength of gelatin is known to decrease as the product begins to 

degrade, there may be a more extensive range of coacervate forming pH values needed to 

remain slightly above the isoelectric point(s).  

Once a uniform microparticle coacervate we formulated, it was necessary to 

characterize mechanical attributes so that bioinks can be tailored to optimal extrusion and 

structure retention in the support bath. Before printing, the coacervate must be adequately 

compacted, which is achieved by centrifugation at a specific speed. The plateau of the 

storage modulus (G’) and the critical strain (γc), where the support bath transitions from a 

solid to a liquid state, can be increased using higher centrifugation speeds (Figures 35 & 

36). 

 

 
Figure 35. Storage modulus (G’) of Support Bath as a Function of Strain. Storage 
modulus (G’) and the yield strain (7%) plateau where the support bath transitions from a 
solid to a liquid state. 
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Figure 36. Support Bath Frequency Sweep. Storage (Gʹ), loss (Gʺ) moduli, and viscosity 
(η) for support bath indicating yield stress fluid behavior. 
 

Embedding bioinks into support baths via extrusion comes with the additional 

consideration that extruded fluid must displace the coacervate when the needle moves 

through the support. The extruded fluid will flow up around the needle if the coacervate is 

too stiff or, if the coacervate is too thin, extruded fluid will clump on the needle's edge. 

Over compaction is a common cause of this problem and causes many issues during 

printing. Sometimes, extruded fluid that cannot displace the coacervate will flow towards 

the briefly liquefied coacervate area around the needle, which will then travel upwards 

above the current layer being printed, as seen in panel A of Figure 37. In situations where 

the bioink gels too quickly, a mass of bioink material will form an obstructive artifact, 

diminishing or even preventing further extrusion. In situations like conventional 3D 

printing, the needle leaves gelled material behind, which eventually builds up above the 

extrusion plane with several subsequent layers. In both scenarios, excess bioink 

accumulation and gelling causes artifacts and/or diminished print fidelity.  
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4.2.3.2. Bioprinting with SoyMA 
 

 
Figure 37. Initial Calibration of Bioprinter. A) Extrusion of 5x5x5 mm cube using 
mayonnaise bioink with 25 gauge needle. B) Extrusion of 10x20x10 mm rectangle using 
mayonnaise with 27 gauge needle. C) Extrusion of 10x10x5 mm square using 10 % GelMA 
(0.25% LAP) bioink with 22 gauge needle. D) Extrusion of 10x10x5 mm square using 10% 
SoyMA (0.25% LAP) bioink with 22 gauge needle. E) Extrusion of 5x5x5 mm square using 
10% SoyMA (0.25% LAP) bioink with 22 gauge needle. 
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Figure 37 and Figure 38 depict the processes of syringe-extruder calibration. The 

first test of the extrusion system used mayonnaise to print a five mm3 cube.  The probability 

that any given extrusion will deform when not supported is high, especially as the 

mayonnaise begins the reach room temperature. The first noticeable issue was the over-

accumulation of extruded fluid around the nozzle. This effect was then translated to all 

subsequent layers. In panel B of Figure 37, a larger rectangle shape was attempted. The 

extrusion multiplier was also decreased from 3.4 to 3. There was a visible improvement for 

the first few layers, but the volume extruded was still too high. Once freshly synthesized 

GelMA was available, the mayonnaise was replaced, and the slicer settings were adjusted. 

GelMA solution heated to 37°C for material deposition for the trial seen in panel C of 

Figure 37. However, as the GelMA bioink returned to room temperature and stiffened, the 

material flow began to decrease, causing a failed print. A hot air gun was directed at the 

syringe and extruder system for subsequent trials; however, the heat was quickly displaced, 

and the GelMA bioink remained too stiff for extrusion. Once freshly synthesized SoyMA 

was available, GelMA was no longer used. The calibration process of SoyMA can be seen 

in panels D, E, and F of Figure 37 and Figure 38. Since SoyMA does not form a hydrogel 

network at room temperature, it exhibited excellent flow properties once the system was 

calibrated. It is important to note that SoyMA must be continually crosslinked via a UV 

light source during the printing process. Otherwise, the material will begin to leech into the 

surrounding support bath. Optimization of UV light delivery must be further investigated 

so that sufficient crosslinking occurs at each extruded layer. 

Figure 38 shows two trials used to print hemisections. Panels A, B, and C were 

completed in 32 minutes, and the width at the base of the structure was found to be 10.24 
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mm. This value closely follows the CAD model dimensions of 10mm. The remainder of 

the structure could not be accurately measured due to the accumulation of SoyMA around 

the tip of the nozzle and above all subsequent layers of the print. The presence of excess 

material in these areas caused crosslinked artifacts to accumulate, eventually forming a 

stiffened mass that had to be manually removed after the print had been completed. Panels 

D, E, and F of Figure 38 depict the first trial that incorporated channel deposition using 5% 

gelatin solution as a sacrificial bioink. During this trial, the extrusion multiplier for the 

primary extruder (SoyMA) was reduced to reduce excess material from flowing up around 

the nozzle. There was a slight reduction in the overall accumulation of crosslinked SoyMA 

on the layers above the print area, but the artifacts still formed and had to be manually 

removed.  

 
Figure 38. Bioprinted Hemisections (10% SoyMA, 0.25% LAP). A-C) First successful 
hemisection print (Top, front, and orthographic view, respectively). D-F) First hemisection 
print incorporating unsuccessful channel deposition (Top, back, and front view, 
respectively). 
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 As the modified G-code finished extruding material for the hemisection, the s 

secondary nozzle did not travel to the correct starting point on the X Y plane above the 

support bath. As a result, the nozzle plunged into the support bath, missing the outer edge 

of the hemisection. Once the nozzle reached the extrusion start point, the material flowed 

as intended, similar to that shown in Figure 39, but no channel was embedded into the 

hemisection during the first channel extrusion. Panels C and D of Figure 40 show an 

estimated channel deposition pattern based on the position and concentration of green 

gelatin bioink. Coordinates of both the hemisection and channels were later confirmed to 

be accurate when uploaded to the bioprinter. One possibility may be that the position of 

the hemisection shifted caused by the accumulation of excess SoyMA artifacts and force 

applied by the nozzle during travel motions. 

 The view from the bottom of the petri dish seen in panels C and D of Figure 40 

clearly shown that a small number of channels within the hemisection were created with 

the sacrificial bioink. During immediate inspection after printing, the green gelatin bioink 

appeared highly localized, with pinpoint green dots indicating the start of a channel. Shortly 

after, the green dye in the gelatin indicated perfusion into the surrounding support material 

and hemisection. The images seen in panels C and D were taken approximately 5 minutes 

after UV curing. Additionally, panels D, E, and F of Figure 38 represent the same 

hemisection once the support material had been heated, removed, and washed with PBS. 

These results suggest that the ability of 5% gelatin bioink to maintain adequate stiffness to 

resist compressive forces from the hemisection needs to be evaluated. Additional 

investigation will need to confirm that channels created by sacrificial bioink deposition 

well remain patent after heating and removal of supportive materials. 
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Figure 39. Extrusion of Sacrificial Scaffolds. A) Plunging of extrusion needle into the 
material. B) Syringe with sacrificial bioink begins extrusion from the base of a petri dish. 
C) Extrusion continuing vertically until the top of the petri dish is reached. D) First channel 
complete and needle moves to next channel to begin plunge. E) the Second channel 
completed, length – 10.9mm. F) Array of extruded channels are extruded. 
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Figure 40. Deposition of Sacrificial Bioink in SoyMA Hemisection 
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CHAPTER 5 

DISCUSSION 

5.1. Synthesis of SoyMA and GelMA 

Gelatin is a water-soluble polymer derived from animal by-products. It forms 

thermally reversible and highly mechanical hydrogel and is highly praised for its 

biocompatibility, biodegradability, and low immunogenicity.51 However, gelatin is not 

physically stable at body temperature limiting functional applications. For these reasons, 

gelatin is an excellent candidate for chemical functionalization. SPI demonstrates similar 

biocompatibility, biodegradability, and low immunogenicity but provides a more 

significant challenge when considering solubility. The solubility of “water-soluble” SPI is 

highly dependent on the physicochemical condition of protein molecules, which during 

processing, are either favorably or adversely affected by heating, drying, and other 

processing treatments. By investigating the protein attributes, including pH, ionic strength, 

and temperature, optimized protocols were designed to overcome the solubility challenges 

by implementing an automated pH adjustment system. This system allowed for the 

complete dissolution, enhanced functionalization, and caused a permanent conformational 

change in the SPI protein structure allowing it to be readily soluble at neutral pH.52,53 

 
5.2. DoF Quantification 

Interestingly, the DoF values obtained for SoyMA and GelMA were 38% and 47%, 

respectively as assessed by TNBS assay. Although both colorimetric methods showed a 

decreased content of amino groups, the reason for the discrepancies between ninhydrin and 

TNBS assays can be identified by reexamining the procedural conditions required to obtain 

accurate results using both the ninhydrin and TNBS assays. Brown et al. emphasized that 
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ninhydrin reagent is highly reactive and often produces strong colorimetric responses. They 

further stated that disadvantages of using a ninhydrin reagent include the need for an 

organic solvent, a 95°C water bath to induce color change, and considerable variation in 

adsorption spectrum within amino acid-ninhydrin derivatives.54 Bubnis et al. highlighted 

the possible complications when performing TNBS assays.55 Interferrening circumstances 

such as complexes formed by trinitrophenyl derivative and sulfite ion by-products or an 

excess of unreacted TNBS and trinitrophenyl-α-amino derivatives may result in 

erroneously low values. 

 
5.3. Mechanical Properties of Bioinks and Support Baths 

  To summarize the findings in section 4.1.3.4., Figures 28 and 29 illustrate the 

transition from solid-fluid to more fluid-like behavior at higher frequencies seen by the 

linear decrease in viscosity with the loss modulus rapidly rising, eventually taking over the 

storage modulus. For SoyMA and GelMA, frequencies above 50 Hz and 26 Hz indicate a 

crossover point where the network structure becomes more fluid-like. The strain data from 

SoyMA and GelMA demonstrates that although GelMA networks can withstand the higher 

strain, heat introduced by high-frequency oscillations causes the network to deform more 

than SoyMA networks.  

The data presented above indicate that although GelMA can rapidly polymerize, 

producing hydrogel networks with high stiffness, heat absorbed through UV power 

exposure deforms the network to G’ values below that of SoyMA given enough time. 

Conversely, the opposite is true of SoyMA network formation in that longer crosslinking 

durations will continue to increase the storage modulus (G’). The actual maximum value 

of G’ for SoyMA cannot be determined here as the value was still increasing when the test 
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expired. In addition, increasing UV power intensity caused accelerated network formation 

while also allowed higher G’ values to be achieved. This indicates that the elasticity of 

SoyMA is less affected by an increase in ambient temperature and more dependent on UV 

power intensity. It could also be inferred that, because GelMA demonstrated a higher DoF 

than SoyMA, as seen in Figure 18, there is an abundance of available photoreactive 

moieties and free radical-generating photoinitiator that causes rapid network formation in 

GelMA. 

When considering the effect of support bath mechanics during bioprinting, the 

theory surrounding artifact formation from extrusion is that the likelihood that a large 

microparticle could become displaced during extrusion tends to increase when the overall 

size of coacervate microparticles increases. Conversely, fluid extrusion displaces 

fragments and disperses through the coacervate more quickly while the coacervate 

becomes smoother, eliminating the possibility to branch outward into the liquefied area 

around the needle. Therefore, it is critical to establish the necessary amount of ink extrusion 

during the calibration of a new kind of ink.  

 
5.4. Bioprinting of Scaffolds 

The process developed for bioprinting of SoyMA hemisections and sacrificial 

bioink channels does not currently meeting desired standards to be considered a viable 

scaffold used for spinal cord injury tissue regeneration. The creation of patent channels 

was not achieved due to the inability of the 5% sacrificial gelatin bioink to remain separate 

from the surrounding semi-crosslinked SoyMA hemisection. The exact reasons for this are 

unknown, however, it is suspected that the concentration of gelatin (5%) was not sufficient 

to withstand the newly formed deflection stress from displaced SoyMA after the channel 
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had been extruded. One possible solution would be to increase the concentration of the 

sacrificial gelatin bioink so that the channels formed would have a higher yield stress and 

therefore be able to withstand deflection stress. Another possible solution would be to 

exchange the sacrificial material to a highly compacted version of the support bath 

material. This version of the support bath material would contain microparticle of smaller 

diameter which would increase the resolution of the channels. 

Understanding the underlying mechanical principles of elasticity and 

viscoelasticity of polymers and tissues is essential for formulating robust biomaterials for 

scaffolds. These principles are focused on the recovery of chain configuration and 

arrangement in a time-independent and time-dependent manner, respectively. When stress 

is applied to a hydrogel, elastic theory suggests that the strain reaction is instantaneous. 

However, for specific biomaterials such as tissues and hydrogels, this is not true. Most 

polymer materials and tissue constructs are anisotropic, which means they have different 

properties in different directions. The anisotropic propensity of tissue systems is a primary 

reason fabrication of regenerative scaffolds for long-term implantation remains 

challenging. Therefore, when establishing design criteria for scaffolds intended for spinal 

cord regeneration, anisotropic changes in materials caused by mechanical stresses or 

chemical degradation should be well understood. Specifically, scaffolds intended for 

implantation after SCI must withstand fluctuating forces caused by SCI comorbidities such 

as muscle atrophy and cavitation. The mechanical properties of any biomaterial or 

composite implanted into the spinal cord must be carefully evaluated for changes in 

mechanical properties over extended periods. The alterations in stiffnesses of the local 

tissue microenvironment have been linked to various cell behaviors and are therefore a 



68 
 

primary consideration when regenerative scaffolds. Even though the spinal cord is 

considered a soft tissue, it retains a highly specialized amount of mechanical strength 

reported as having an elastic modulus of 0.1 to 3 kPa.56  Following SCI, the damaged tissue 

has difficulty regenerating, resulting in the development of glial scarring and cystic 

cavities, which then causes the uninjured sections of the spinal cord to lose support.57 

Investigations have shown that the diameter of the spinal cord at the injury site is slightly 

smaller than that of the usual site without treatment.58 As a result, the scaffold inserted into 

the damaged spinal cord should have an initial mechanical strength of approximately 1 - 2 

kPa to provide a satisfactory mechanical microenvironment for SCI repair.59 Further 

research into hydrogel and scaffold degradation during and after implantation or simulated 

phantom tissue systems will identify critical characteristics that scaffolds designed for SCI 

treatment must-have. These characteristics can help to inform future bioink formulations 

and printing parameters, possibly improved experimental design and outcomes. 

 
 
5.6. Future Directions 

The work of this thesis demonstrates that SoyMA is a promising biomaterial well 

suited for the bioprinting of scaffolds and continuing this research may provide additional 

insight into improvements to syringe-based deposition of SoyMA. The next step will be to 

implement additional replicates of DoF assays and then compare those to organic structure 

analysis using 1H NMR, helping to confirm the precise amount of free amine groups 

remaining in SoyMA bioinks. Additionally, more precise measurements of DoF will help 

determine if a modification in synthesis must be made to achieve higher (or lower) DoF 

yields. Longer-term co-culture of PC12 and ECs embedded in SoyMA molds will help 
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confirm long-term cytocompatibility, eventually leading to sterile bioprinting of scaffolds 

and additional opportunities to observe co-culture cells when seeded in bioprinted 

constructs. Additional time will be spent fine-tuning the recipe for support bath coacervate. 

Achieving a highly uniform slurry with predictable and consistent particle size and 

morphology is critical when optimizing bioink extrusion parameters. As with most scaffold 

fabrication approaches, the ability to tune parameters such as increased channel density 

and optimize morphology is highly sought-after. By improving methods to produce reliable 

coacervate and then continuously calibrating and experimenting with extrusion parameters, 

improved bioprinting scaffold and embedding channels will become apparent in time. 

5.7. Conclusions 

The purpose of this thesis was to demonstrate the feasibility of synthesizing a 

photoreactive bioink derived from plant-based soy protein isolate that can be tailored for 

syringe-based bioprinting. The bioinks synthesized were used to fabricate hemisection 

structures of various stiffnesses. We will continue to optimize and improve scaffold and 

embedded channel fabrication methods using SoyMA.  Overall, the work presented here 

has provided a clear path towards developing a robust biomimetic scaffold using SoyMA 

and our low-cost bioprinting platform. 
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