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by 

 

Kathleen Kleinemolen 

Doctor of Philosophy in NanoEngineering 

University of California San Diego, 2021 

Professor Shaochen Chen, Chair 

 

Nearly 50% of the US population suffers from cardiovascular diseases, accounting for 

massive heath care costs. Moreover, 45% of all drugs are removed from the market due to issues 

related to the cardiovascular diseases, motivating the need for better predictive models in the 

preclinical setting. Current techniques primarily use 2D cell cultures or animal models, which do 

not recapitulate the complex 3D architecture of the heart or translate well to humans, 

respectively. The use of digital light processing (DLP) bioprinting in tissue engineering is a 



 xviii 

promising biomanufacturing technique due to its rapid speed, high resolution, and 

biocompatibility. To this end, I first developed a biocompatible, photopolymerizable, click-

chemistry-based biomaterial for tissue engineering, and evaluated the mechanical and 

biochemical properties of the hydrogel. Next, I developed a high-throughput, 3D-bioprinted 

cardiac micro-tissue model presenting a high level of cellular alignment and maturity. The 

micro-tissue was 3D bioprinted using photopolymerizable polymers, human induced pluripotent 

stem cell cardiomyocytes (hiPSC-CMs), and cardiac fibroblasts. Last, I evaluated the cardiac 

micro-tissue as a predictive model for drug and nanoparticle toxicity testing using well known 

drugs, isoproterenol and verapamil, and the environmental pollutant, CuO. 



 1 

CHAPTER 1: INTRODUCTION 

 

1.1 Abstract 

Cardiovascular disease (CVD) is one of the most prevalent diseases in the United States, 

affecting nearly 50% of the population. It has a massive economic burden, accounting for $360 

billion in health care costs from 2016 to 2017 and resulted in 850,000 total deaths in 2018 [1]. 

CVD includes hypertension, stroke, coronary heart disease; all chronic diseases that require 

lifestyle changes and care regimens. To help research and develop state-of-the-art solutions for 

CVD, researchers have investigated using 3D tissue models. In this chapter, we will discuss 

current cardiac models, bioprinting methods for these models, and materials used for the models 

(i.e., the ECM (extracellular matrix) in these prints). 

 

1.2 Current Cardiac Models and Limitations 

1.2.1 Cardiac and Supporting Cells 

 The use of an appropriate cell source is supremely important in cardiac research. It is 

difficult to procure primary adult cardiomyocytes, as they do not proliferate and are available in 

limited quantities [2]. To this end, the use of human induced pluripotent stem cells (hiPSCs), a 

proliferative cell type, has become increasingly popular. The reprogramming of the stem cells 

into cardiomyocytes (hiPSC-CMs) using small molecules to modulate Wnt signaling has been 

well documented. Multiple general protocols are published, and kits are readily available from 

popular vendors such as GibcoTM [3,4]. Still, these hiPSC-CMs have persistent issues; there is 

batch-to-batch variation in reprogramming, heterogeneity on a single cell level in each batch, and 
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most troublesome, they present an immature phenotype. Many researchers have focused studies 

on the immaturity of the hiPSC-CMs, as this can significantly impact the function of the model.  

There are two different strategies for maturing cardiomyocytes: biochemical cues and 

biophysical cues [5,6]. In terms of biophysical cues, the cell environment can have a large 

impact. For example, confining cells into a specific orientation to encourage anisotropic 

orientation has also been shown to significantly improve maturity [6–8]. Cyclical stretching, 

which occurs during contractions, also improves maturity of cardiomyocytes, and its effect can 

be increased by pillar-based cardiac models [5,9]. In a significant study, Ronaldson-Bouchard 

used electrical training on hiPSC-based cardiac tissues at increasing frequencies for over 21 

days, documenting many markers of maturity. However, the mechanism of maturity is still 

poorly explained, and may simply be a variation of cyclical stretching [5,10].  

In regard to biochemical cues for maturation, thyroid hormone T3 (triiodothyronine), 

glucocorticoids, IGFs (insulin-like growth factors), circulating fatty acids, and oxygen tension 

have all been shown to impact cardiomyocyte maturation [5]. In one study, researchers combined 

T3, dexamethasone (a glucocorticoid), and IGF1 to induce a more mature 3D cardiac tissue in 

comparison to the control [11]. The complex signaling in cardiomyocyte maturity is still an 

ongoing investigation in the field.  

Supporting cell types are also important in cardiac models. In the human heart, 

cardiomyocytes consist of about 20-30% of the total cell number (although they occupy 70%-

85% of the total volume). The other major cell types in the heart are endothelial cells, cardiac 

fibroblasts, and leukocytes, in descending prevalence. The supporting cell types are also 

important for encouraging cardiomyocyte maturation, possibly by direct physical adhesion and 

secreted paracrine molecules. Endothelial cells are responsible for constructing the coronary 
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vascular within the heart. Cardiac fibroblasts are the most common cell type incorporated into 

cardiac models, as they help create the surrounding ECM (extracellular matrix) for the 

cardiomyocytes [5]. Researchers have found they are important for forming a viable tissue, 

encouraging compaction [11]. 

 

1.2.2 2D Models and Thin Films 

 Although 2D models do not properly recapitulate the 3D tissue environment, they are 

often easier to manufacture, making them appealing for many uses. Simple models often use 

microgrooves or protein cues, such as laminin or fibronectin, to align cardiac cells in an 

anisotropic manner [6,7]. These strategies can be employed when creating 2D cardiac models for 

drug evaluation and disease modeling. 

One such model is by the Parker group, which has developed a unique ‘thin film’ model, 

where the flexible film lifts and curls during tissue contraction. The model is created by seeding 

cells onto a fibronectin stamped PDMS (polydimethylsiloxane) sheet, forming an anisotropic 

thin tissue (Figure 1.1A, B) [12]. After validating the model against common cardiac drugs, the 

group expanded the design into both high throughput and disease specific tissues [13–16]. In one 

study, the Parker group developed a cardiac disease model by using Cas9-edited iPSC-CMs to 

express mutated TAZ (the gene Tafazzin). The resulting model displayed differences in 

sarcomere assembly, contractile stress generation, and ROS (reactive oxygen species) production 

in comparison to the healthy model. The researchers then evaluated potential therapies, finding 

that both the reintroduction of wild-type TAZ and suppression of ROS were able to reverse 

cardiomyopathic symptoms [15].  
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1.2.3 3D Cardiac Models 

 Research has illuminated the advantages of culturing cardiac cells in 3D as opposed to 

2D. In one study comparing 2D and 3D culture, the researchers found key differences in 

intercellular adhesions, cell motility, proliferation rate, deposition of extracellular matrix, 

mitochondrial contraction, and expression of cardiac differentiation markers [17]. There are 

many different types of models established to recreate a 3D architecture.  

In one study, Mathur et al. developed a microfluidic based cardiac model. 

Cardiomyocytes were dissociated and loaded into a fibronectin-coated microfluidic chamber to 

form a 3D tissue over 7 days. The CMs were fed via nutrient channels that replicated endothelial 

cell barriers and validated against isoproterenol, verapamil, metoprolol, and E4031 [18]. 

Veldhuizen et al. then expanded on this idea by creating a microfluidic chip with an array of 

posts. The posts encouraged a high level of alignment for cardiomyocytes, thereby creating a 

more robust and mature tissue as evidenced by qPCR analysis. This resulted in an increase in 

response to epinephrine, indicating that a more mature tissue has an increase in sensitivity to this 

drug [19]. However, due to the arrangement of the model, there was no consistent point to track 

regarding tissue movement. Thus, the researcher had to choose multiple points to average to 

calculate beating frequency. From a quantitative standpoint, a tissue with a simpler engineering 

design, like the pillar model, is more advantageous.  

The most common model used in cardiac research is likely the pillar model, where 

cardiac cells are attached to two anchor points (either pillars or wires) [9,10,20–24]. Most often, 

these anchors are formed from molded PDMS that is immersed into a suspension of cells and 

extracellular matrix (ECM) such as collagen, fibrinogen, or Matrigel. Over many days of culture, 

the cells will form a 3D tissue anchored by the two pillars. The passive tension as the tissue 
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condenses and contracts encourages an anisotropic orientation and matures the encapsulated 

cells. In a novel study by Ronaldson-Bouchard et al., the researchers created a cardiac tissue 

model around molded PDMS pillars and then subjected the tissue to constant electrical pacing, 

significantly increasing the maturity of the hiPSC-CMs (Figure 1.1C) [10]. These models are 

well designed for quantitative analysis, as the pillars can be tracked to analyze both force and 

beating frequency of the tissue. Improving upon this basic design, Hinson et al. also incorporated 

fluorescent microbeads into the molded PDMS pillars to create a robust method for tracking 

pillar movement. They then went on to examine the impact of different titin protein variants, an 

important protein for sarcomere functionality, on tissue contractility [20].  

However, these thick cardiac models all rely on passive tension for cardiac cells to self-

organize into anisotropic orientation. To address this, Liu et al. developed a model to directly 

bioprint CMs into lines using DLP (digital light processing) printing to better form an anisotropic 

orientation (Figure 1.1D) [22]. As discovered previously, the best width for aligning seeded CMs 

is 30 µm to 80 µm [6], making DLP printing an ideal tool. However, the end format of these 

microtissues were relatively large and printed with neonatal ventricular cardiomyocytes 

(NVCMs). To truly investigate the benefits of 3D bioprinting on CMs, we decided to pursue 

bioprinting hiPSC-CMs in a small, 96-well format (see Chapter 3 and 4). 
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Figure 1.1 Examples of cardiac models. (A) Cardiac cells are seeded onto thin films (i) that 
curl as the tissue forms and contracts (ii) (scale bar, 5 mm). X-projection of the curl corresponds 
to the force of tissue contraction (iii). (B) Fibronectin coating (chip 1) vs fibronectin patterning 
(chip 2) was investigated. Chip 2 displayed higher levels of contractility (i) and alignment (ii, 
iii). (ii) Sarcomere (α-actinin) staining (scale bar, 20 µm). (iii) Sarcomere orientation histograms. 
Reproduced with permission from ref [12]. (C) (i) 3D cardiac tissues form around two flexible 
PDMS posts over seven days. Tissues are then electrically trained at either constant frequencies 
or increasing frequencies over three weeks. (ii) Comparison of response to fetal cardiac tissue 
(FCT), controls, and intensity trained tissues at increasing doses. Intensity trained tissues best 
replicated values found clinically. Adapted with permission from ref [10] (D) DLP-printed 3D 
NVCM tissues. (i) Different digital patterns were projected to form (ii) various tissues, which 
were cultured for 10 days (scale bar, 500 µm). (iii) Evaluation of maximum displacement for 
each pattern when electrically paced at 1, 2, and 4 Hz (SEM, n=3, p < 0.002). Adapted with 
permission from ref [22]. 
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1.3 3D BioPrinting 

1.3.1 Types of BioPrinting 

 There are many 3D printing techniques that can be used to advance biological research. 

These include inkjet, extrusion, laser stereolithography, and digital light processing (DLP) 

printing (Figure 1.2). 

 

 

Figure 1.2. Common 3D bioprinting techniques in cardiac tissue engineering. A) Inkjet 
printers uses thermal or piezoelectric control to extrude droplets of material. (2) Extrusion 
printers extrude lines of material using a mechanical or pneumatic mechanism. (3) DLP printers 
illuminate light onto a DMD chip which then photopolymerizes material. The fabrication 
platform moves down to build up the material. Adapted with permission from ref [25]. 
 

1.3.1.1 Inkjet Printing 

 Early development  of 3D bioprinting began with modifying traditional printer inkjets 

with an electronically-controlled z-axis to dispense droplets of protein or cell solutions [26,27]. 

Inkjet printing most often produces droplets by either a piezoelectric actuator or localized 

heating [25,27]. To form 3D structures, one needs to print layer-by-layer. Thus, a material that is 

capable of rapid reversible crosslinking, such as ionic cross-linking or thermal gelation, is used 

to fuse the structure in place [28]. However, the viscosity of these materials is relatively low (3.5 

-12  mPa/s), resulting in a weak construct [27]. To improve the mechanical properties, a material 

can be covalently photo-cross-linked post-printing to stabilize the construct [27,28]. 

A B C
DMD chip

Light
source

Fabrication platform

Move down
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Nevertheless, due to the extrusion viscosity restraints, inkjet printing cannot print tissue 

constructs with high cell densities, which is critical for cardiac tissues [27]. Moreover, low 

droplet directionality, nozzle clogging, and thermal and mechanical stress from the nozzle are 

considerable concerns [26].  

 

1.3.1.2 Extrusion Printing 

 Extrusion printing utilizes a pneumatic or mechanical driven fluid dispensing mechanism 

to constantly extrude biomaterials, cell aggregates, or microcarriers through a nozzle [25,27]. 

Similar to inkjet printing, materials that can thermally gel or ionically cross-link are used, and 

photo-crosslinking post printing for stabilization is also employed [27,28]. Extrusion printers can 

extrude constructs at high cell densities (108-109 cells/mL), critical for cardiac constructs, but the 

resulting pressure and shear stress on the cells from the high viscosity material is significant and 

can be devastating to cell survival (40-80% cell viability). To help address this issue, shear-

thinning materials such as decellularized extracellular matrix (dECM) can be used [27,29]. 

Recently, a technique termed Freeform Reversible Embedding of Suspended Hydrogels 

(FRESH) has been developed. In the FRESH technique, a support bath of gelatin microparticles 

is used to support the 3D hydrogel structure extruded out of a nozzle. After the hydrogel 

structure is fully extruded, the gelatin microparticles can be thermally melted away, leaving the 

resulting, intact 3D structure [30]. The most current version of this technique, termed FRESH 

v2.0, uses gelatin microparticles 25 µm in diameter and extrudes collagen filaments 20 µm large. 

This technique has been used to show multiple proof-of-concept constructs relevant for cardiac 

engineering including a cell-laden ventricle model, an acellular tri-leaflet heart valve and a 

neonatal-scale human heart [31]. However, the conditions of the support bath such as 
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temperature, pH, and ion concentration can be stressful to the cells. As well, like all extrusion 

printed constructs, the timescale for printing these constructs can be very long, which can 

negatively impact cell viability [27]. 

 

1.3.1.3 Digital Light Processing Printing 

 Digital light processing (DLP) printing dramatically reduces build time by fabricating an 

entire layer at once, reducing construct printing to the scale of seconds to minutes. Instead of 

using a nozzle, a light source is illuminated on to a digital micromirror device (DMD) chip that is 

programmed to project digital patterns onto a photopolymerizable material. The DMD chip 

consists of approximately one million micromirrors, where each mirror represents a pixel from 

the digital pattern [27,28,32]. Depending on the optics and the material used, resolution sizes of 

3-5 µm can be obtained, which is dramatically smaller than resolutions obtained by inkjet and 

extrusion printing. In this case, the material is covalently linked, resulting in mechanically robust 

constructs [28]. As there is no nozzle, this process also eliminates viability impact from shear 

stress. However, UV-light is commonly used as the light source to cross link materials, leading 

to concern over the viability of printed cells [27]. Recently, an extensive study by Ruskowitz et 

al. showcased that at low photoinitiator concentrations and short time periods (like those used in 

DLP printing) there is a negligible impact on cell viability [33].  

However, DLP printing is disadvantageous is some respects. For example, when printing 

large constructs, cell sedimentation can occur, leading to a heterogenous structure. It is also 

difficult to print two materials simultaneously, like in extrusion printing, so that printing must 

occur in a serial manner [27]. Nevertheless, DLP-printing has been successfully able to print 
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many tissue constructs, including liver and cardiac tissues [28]. The next sections will focus on 

DLP bioprinting. 

 

1.3.2 Materials for DLP BioPrinting 

 Researchers can choose from many different materials when 3D printing. The main 

considerations for 3D bioprinting are the functionality of the material and the biocompatibility. 

 

1.3.2.1 Free Radical Polymerization 

 Materials used with DLP printing undergo free-radical polymerization, most often by a 

chain-growth polymerization mechanism.  In chain-growth polymerization, free radicals attack 

free monomers. In a chain-like fashion, these monomers then attack nearby free monomers and 

add them to a growing polymer chain. There are three distinct stages in the mechanism, defined 

as 1) initiation, 2) propagation, and 3) termination. First, a photoinitiator is activated by a 

specific wavelength of light, producing free radicals (Scheme 1A). Monomers typically have a 

carbon-carbon double bond structure that is termed the “active center” that will react with free 

radicals during the ‘initiation’ stage (Scheme 1B). The now reactive monomer will then react 

with nearby neighbors, propagating the polymer chain (Scheme C, D) until termination. 

Termination occurs by a few different routes: 1) two reactive monomers interact; 2) a free radical 

interacts with a reactive monomer; 3) the free radical transfers to another molecule; or 4) the 

reactive monomer interacts with impurities or inhibitors [34]. A common inhibitor in DLP 

printing is oxygen, which will diffuse into the monomer solution over time in ambient conditions 

[35].  
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Scheme 1.1. Free-Radical Polymerization Mechanism 

 
 Recently, researchers have been exploring thiol-ene reactions. Compared to most free-

radical polymerization mechanisms, this reaction follows a step-growth polymerization 

mechanism, resulting in a more homogenous network. The reaction is commonly termed 

‘orthogonal’ or ‘click-chemistry’, as the reactants are specific to only each other. For example, 

one ‘-ene’ group will react specifically with one ‘thiol’ group in this free radical mediated 

reaction, meaning the ratio of moieties can be exploited when designing the resulting polymer 

(Scheme 2). Moreover, oxygen inhibition is mitigated in this mechanism as oxygen will abstract 

hydrogen from the thiol group, creating a free radical available for polymerization [36] 

 

 

Scheme 1.2. Thiol-ene Polymerization Mechanism 
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1.3.2.2 Photointiators 

The main mechanism for creating free radicals is by a photoinitiator, such as Eosin-Y, 

lithium arylphosphanate (LAP), or Irgacure-2959 (I-2959). There are two main mechanisms 

through which photoinitiators generate free radicals: through hydrogen abstraction or 

photocleavage. In hydrogen abstraction, the molecule reacts with an H-donor molecule, forming 

a ketyl radical and a donor radical. For photocleavage, a molecule undergoes bond cleavage at a 

C-C, C-Cl, C-O, or C-S bond when exposed to a specific wavelength of light [37,38].  

Photointiators vary greatly regarding biocompatibility, solubility, efficacy, and stability. 

For example, Eosin-Y creates free radicals via hydrogen abstraction and is activated at 490-650 

nm [39,40]. This can be biologically advantageous over UV-activated molecules, such as LAP or 

I-2959, when a solution containing cells needs to be exposed for a long period of time. However, 

these UV-activated initiators are incredibly cytocompatible for low concentrations and at low 

exposure times; parameters found in a DLP printing system [33]. When printing a synthetic 

polymer, I-2959 is frequently used. However, I-2959 has low water solubility (less than 0.5 

wt%), making it incompatible for natural hydrogels or cell encapsulation prints. LAP is a more 

frequent choice for natural or composite hydrogel systems due to its high molar absorption at 

365nm (𝜀 ≈	200 M-1 cm-1, about a magnitude higher than I-2959) and water solubility (more 

than 8.5 wt%) [38].  

 

1.3.2.3 Natural and Synthetic Polymers 

 The most common natural polymers used in 3D printed tissues are derived from gelatin 

and hyaluronic acid (HA). Gelatin is found frequently in cell culture as it is a major extracellular 

matrix (ECM) component. Gelatin is biologically active, containing both cell binding (arginine-
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glycine-aspartic acid, or RGD) and remodeling sequences (matrix metalloproteinase, or MMP) 

[41,42]. Gelatin can be easily modified with functional groups such as methacrylate, norbornene, 

or thiol groups to form GelMA (gelatin methacrylate), GelNB (gelatin norbornene), and GelSH 

(gelatin thiol), respectively, for use in free radical polymerization [42,43]. The more groups 

functionalized onto the gelatin backbone, the more covalent bonds that can form during 

polymerization, impacting the pore size, and therefore, stiffness of the hydrogel. This property 

can be used to tune the hydrogel to the specific stiffness of the tissue. For example, in one study, 

a group looked at GelMA hydrogels with 49.8%, 64.8%, 64.8%, and 73.2% substitution. After 

examining pore size and bulk compressive modulus, the gels were found to have pore sizes 

ranging from 50 to 25 um and stiffness ranging from 2kPa to 4.6 kPa as the substitution rate 

increased [44]. 

 Another common natural material used in 3D bioprinting is HA. HA is a nonsulfated 

glycoaminoglycan present in the extracellular matrix, like gelatin [45]. It can also be 

functionalized to form glycidyl methacrylate-HA (HAGM), which will react via a free-radical 

polymerization mechanism [28]. 

 Synthetic polymers are also used frequently used in 3D bioprinting. These polymers are 

usually well defined, commercially available, and have a low polydispersity, making printing 

more reliable. Since they do not naturally contain binding or remodeling moieties, researchers 

will often incorporate adhesive sequences such as arginine-glycine-aspartate-serine (RGDS) and 

tyrosine-iso-leucine-glycine-serine-arginine (YIGSR) or adhesive proteins like fibronectin or 

laminin for the cells to adhere to [28,46]. One of the most used synthetic polymers is 

polyethylene glycol (PEG), which comes in many modified forms such as PEG diacrylate 

(PEGDA) [47]. Other synthetic polymers for photo- polymerization include poly(N-
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isopropylacrylamide) (PNIAAm), poly(acrylic acid) (PAA), polymethylmethacrylate (PMMA), 

polyacrylamide (PAam), and poly(dimethylaminoethylmethacrylate) hydrochloride (PDMAEM). 

Synthetic proteins can be used by themselves or in combination with natural hydrogels [46]. 

 

1.4 Conclusion 

 
In conclusion, we will explore DLP bioprinting regarding cardiac tissue fabrication. 

Chapter 2 will focus on developing an entirely natural polymer-based thiol-ene solution for DLP 

printing and showcase its applicability to cardiac printing. Chapters 3 and 4 will then explore 

DLP printed human iPSC-based cardiac models, analysis methods, and their response to drugs 

and nanoparticles. Chapter 5 will discuss concluding remarks and future studies. 
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CHAPTER 2: A SEQUENTIAL 3D BIOPRINTING AND ORTHOGONAL 

BIOCONJUGATION APPROACH FOR PRECISION TISSUE ENGINEERING 

 

2.1 Abstract 

Recent advances in 3D bioprinting have transformed the tissue engineering landscape by 

enabling the controlled placement of cells, biomaterials, and bioactive agents for the 

biofabrication of living tissues and organs. However, the application of 3D bioprinting is limited 

by the availability of cytocompatible and printable biomaterials that recapitulate properties of 

native tissues. Here, we developed an integrated 3D projection bioprinting and orthogonal 

photoconjugation platform for the precision tissue engineering of tailored microenvironments. 

By using a photoreactive thiol-ene gelatin bioink, soft hydrogels can be bioprinted into complex 

geometries and photopatterned with bioactive moieties in a rapid and scalable manner via digital 

light projection (DLP) technology. This enables localized modulation of biophysical properties 

such as stiffness and microarchitecture as well as precise control over spatial distribution and 

concentration of immobilized functional groups. As such, well-defined properties can be directly 

incorporated using a single platform to produce desired tissue-specific functions within 

bioprinted constructs. We demonstrated high viability of encapsulated endothelial cells and 

human cardiomyocytes using our dual process and fabricated tissue constructs functionalized 

with VEGF peptide mimics to induce guided endothelial cell growth for programmable 

vascularization. This work represents a pivotal step in engineering multifunctional constructs 

with unprecedented control, precision, and versatility for the rational design of biomimetic 

tissues.   
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2.2 Introduction 

Cells in vivo constantly experience dynamic changes to their surrounding 

microenvironment, thus an appropriate understanding of mechanisms that govern cellular 

processes including proliferation, differentiation, and maturation is critical to building functional 

tissue constructs [48]. Recent advances in 3D bioprinting technologies have emerged at the 

forefront amid biofabrication and tissue engineering by offering a multifaceted approach to 

enable control over mechanical properties, biological composition, and microarchitecture for 

investigating various cell-microenvironment interactions in response to well-defined biochemical 

and biophysical stimuli [49,50]. This has been accomplished by various bioprinting modalities 

including extrusion-based, inkjet-based, and light-based printers to produce hetereogeneous cell-

laden constructs including liver, cardiac, kidney, and cancer tissue mimics [51–54]. More 

recently the emergence of digital-light projection (DLP)-based 3D printing technologies have 

greatly enhanced the biofabrication of photopolymerizable hydrogel biomaterials such as gelatin 

methacrylate (GelMA), poly(ethylene glycol) diacrylate (PEGDA), glycidyl methacrylate-

hyaluronic acid (GM-HA), and thiol-ene gelatin for the production of complex tissue and organ 

substitutes [51,55–57]. In particular, DLP-based 3D printing systems enable higher spatial 

resolution at the micron scale (i.e. 3-5 μm) and more rapid printing times on the order of seconds 

due to the contactless plane-by-plane fabrication regime compared to traditional raster-like 

modalities [28].  Despite these advances in biofabrication, the limited selection of biocompatible 

and 3D printable biomaterials available consequently limits the functionality of 3D printed 

tissues as many still rely on utilizing conventional bioinks such as gelatin, collagen, alginate, 

hyaluronic acid, and polyethylene glycol (PEG) [58].  
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While numerous novel bioink biomaterials have been developed, it is challenging to 

satisfy the many interdependent conditions that will lead to ideal bioprinting as well as structural, 

compositional, and biological outcomes for specific tissue microenvironments [58]. One bottom-

up approach to overcome these challenges is the concept of tailored post-print modifications 

through the conjugation of biologically active molecules to achieve desired functionality in 

printed constructs produced from common bioink derivatives [59]. For instance, using 

polydopamine chemistry, 3D printed scaffolds were immobilized with growth factors that have 

been shown to improve in vitro osteogenic differentiation by grafting human bone morphogenic 

protein-2 (rhBMP-2) on polycaprolactone (PCL) scaffolds [60]. In another study, 3D-printed 

poly(lactic acid) (PLA) scaffolds were chemically conjugated with calcium-deficient 

hydroxyapatite using polyethyleneimine to enhance mineral deposition and osteogenesis of 

human mesenchymal stem cells for bone tissue regeneration [61]. However, these chemistries are 

not compatible with bioprinted cellularized scaffolds and are restricted to only surface 

modification with little to no control over spatial distribution and concentration within the 3D 

constructs. Recently, the thiol-ene radical step growth reaction has gained attention for 

applications in tissue engineering and regenerative medicine as it combines the advantages of 

both photoinitiated systems and high selectivity under biocompatible reaction conditions [62,63]. 

Thiol-ene click chemistry involves the orthogonal coupling between macromers containing 

sulfur moieties and alkene groups to form a homogenous crosslinked network [62]. Due to the 

versatility and spatiotemporal control of this cytocompatible photoclick chemistry, its use as a 

polymerization and bioconjugation technique carries unique advantages to expand the scope of 

bioactive materials for creating functional biomimetic cell microenvironments.  In particular, 

current biofunctionalization methods of thiol-ene hydrogels involving the use of traditional 
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photolithography and multi-photon stereolithography with a nano to micron scale resolution for 

photoconjugation are limited in speed, flexibility, photopatterning volume, and throughput 

[64,65]. While several studies have demonstrated the feasibility of thiol-ene systems for both 

hydrogel biofabrication and photoconjugation [64,66–69], these methods are inadequate to 

implement as a scalable approach to build complex biomimetic multicomponent tissues. 

Considering the orthogonality and photoreactive nature of thiol-ene click chemistry, we 

developed the first integrated 3D bioprinting and orthogonal bioconjugation platform that utilizes 

a rapid DLP-based approach to fabricate biomimetic tissues with programmable functionality at 

scale. Our system leverages the high resolution and spatiotemporal control offered by DLP-based 

3D bioprinting technology coupled with a natural thiol-ene biopolymer system as a method to 

engineer tailorable 3D tissue environments. Importantly, the dual ability to rapidly print pure 

thiol-ene gelatin hydrogels and selectively photoconjugate thiolated proteins or cysteine-

modified peptides enables a simple approach to directly modulate multidimensional properties 

within a single platform. Moreover, the architecture and mechanical properties of the hydrogel in 

addition to the spatial distribution as well as concentration of photoconjugated bioactive moieties 

can be locally tuned to form diverse soft functionalized matrices for precision tissue engineering.  

 

2.3 Materials and Methods 

2.3.1 Material syntheses  

2.3.1.1 GelNB Synthesis 

GelNB was synthesized using a previously described procedure [70]. Briefly, Type A 

gelatin from porcine skin (gel strength 300 g Bloom, Cat. #G2500, Sigma-Aldrich) was 

dissolved at 0.1 g/mL in 1X DPBS (Cat. #14190144, Gibco) in a round-bottom flask. Carbic 
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anhydride (Cat. #247634-5g, Sigma-Aldrich) was added to the mixture to a concentration of 0.2 

g/mL. After bringing the mixture to pH 8.0, the solution was allowed to react for 70 h at 50°C 

under constant stirring. An equal volume of 5X DPBS diluted from 10X DPBS (Cat. 

#SH302580, Thermo Fisher Scientific) heated to 37°C was then added to the mixture and stirred 

for 15 min to quench the reaction. The solution was then transferred to 12-14 kDa dialysis tubing 

(Cat. #132706, Spectrum Labs) and dialyzed against MilliQ water for one week with three 

dialysis changes per day. After dialysis, the solution was lyophilized for three days and then 

stored at -80°C until further use. 

 

2.3.1.2 GelSH Synthesis 

GelSH was synthesized by adapting previously established protocols [71]. Type A gelatin 

(Cat. #G2500, Sigma-Aldrich) was dissolved at 0.01 g/mL in 1X DPBS (Cat. #14190144, Gibco) 

in a round-bottom flask at 50°C prior to lowering the temperature to 30°C. Next, Traut’s reagent 

(Cat. #26101, Thermo Fisher Scientific) was added to the mixture to a final concentration of 0.4 

mg/mL. The solution was then reacted for 15 h under constant stirring, then transferred to 12-14 

kDa dialysis tubing (Cat. #132706, Spectrum Labs) and dialyzed for two days with three dialysis 

changes per day. The solution was dialyzed against 5 mM HCl on the first day and then against 1 

mM HCl on the second day.  After dialysis, the solution was lyophilized for three days and 

stored at -80°C until further use. 

 

2.3.1.3 LAP Synthesis 

LAP was synthesized using previously described procedures [38]. Briefly, 3.2 g of 2,4,6-

trimethylbenzoyl chloride (Cat. #C965Y83, Thomas Scientific) was added dropwise to 3 g of 
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dimethyl phenylphosphonite (Cat. #149470, Sigma-Aldrich) in a flask and allowed to react for 

18 hours at room temperature under argon gas. The next day, the mixture was heated in a water 

bath to 50°C. 6.1 g lithium bromide (Cat. #213225, Sigma-Aldrich) dissolved in 100 mL of 2-

butanone (Cat. #M209-4, Thermo Fisher Scientific) was added dropwise to the heated mixture 

via a syringe and reacted for 10 minutes, still at 50°C. During this time, the reaction formed a 

white precipitate within the flask, and the flask was then cooled for 4 hours at room temperature. 

The precipitate was then washed with 400 mL of 2-butanone in a filtration setup and allowed to 

dry overnight. Afterwards, the precipitate was collected and stored at room temperature under 

argon until further use. 

 

2.3.2 Determining Degree of Substitution 

GelNB and GelSH substitution was characterized using 1H NMR (Figures 2.5, 2.6, 2.7). 

For 1H NMR, 15-25 mg of sample was dissolved in 1 mL of D2O (Cat. #151882-10X1ML, 

Sigma-Aldrich) at 37°C. The sample was then analyzed with a 500 MHz Jeol NMR spectrometer 

against a gelatin standard. The degree of substitution was calculated to be approximately 44% 

and 22% for GelNB and GelSH, respectively, using previously outlined methods [72]. Briefly, 

the integration of the phenylalanine peaks at 7.5-6.9 ppm was used as an internal control, and the 

integration of the ε-amino groups of lysine/hydroxylysine at 2.8 ppm were compared between 

the standard and functionalized gelatins to determine the degree of substitution.  

 

2.3.3 Prepolymer bioink preparation and 3D printing of GelNB-GelSH constructs 

Stock solutions of 20% (w/v) GelNB, 15% (w/v) GelSH, and 4% (w/v) LAP were 

prepared by dissolving in 1X DPBS. To ensure proper dissolution, the GelNB and LAP solutions 
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were warmed to 37°C, and the GelSH solution was warmed to 60°C. All solutions were stored at 

4°C and heated to their respective temperatures prior to mixing. Based on the degree of 

substitution of thiol and norbornene groups for GelSH and GelNB, respectively, the solutions 

were mixed at a 1:1 molar ratio to maintain stoichiometric equivalence unless otherwise stated. 

All final prepolymer solution formulations were kept warm at 37°C prior to transferring to the 

3D bioprinter.  

A DLP-based 3D bioprinter was used to fabricate microscale acellular and cellularized 

GelNB-GelSH constructs as shown in Figure 2.1C. Briefly, the major components are as follows: 

(i) a 365 nm UV light LED source, (ii) a digital micromirror array device (DMD) composed of 

approximately 2 million micromirrors for modulating the projected optical patterns to control for 

selective photopolymerization; (iii) projection optics to focus the optical patterns from the DMD 

chip onto the fabrication plane; (iv) a motorized stage;  and (v) a computer control unit. Digital 

patterns were designed in Adobe Photoshop. The printing chamber platform consisted of a 

polydimethylsiloxane (PDMS) base and methacrylated coverslip separated by two PDMS 

spacers, all mounted on a glass slide. Prepolymer solution was then carefully pipetted between 

the spacers, placed on the motorized stage, and subsequently exposed with DMD-projected light 

from above to produce the differently patterned constructs. See Figure 2.8 for a brief schematic. 

To print larger structures such as the kidney-shaped constructs, a continuous 3D printer 

was used as previously described [73]. Briefly, the setup consists of a z-direction motorized glass 

build platform and a PDMS coated petri dish serving as the prepolymer reservoir where light is 

projected from below via the DMD chip. The 3D CAD model was sliced using a MATLAB 

script to generate a series of digital patterns used to sequentially photopolymerize the prepolymer 

solution in synchrony with the upwards movement of the build platform for continuous printing. 
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Note that a high-concentration stoichiometric formulation of 3.33% (w/v) GelNB + 6.67% (w/v) 

GelSH + 1% (w/v) LAP was chosen to ensure structural integrity of the printed figurine. 

 

2.3.4 Mechanical testing and swelling measurements 

For physical characterization, GelNB-GelSH hydrogels composed of 1:1, 1:2, and 2:1 

thiol:ene molar ratios were prepared to decouple the effects of macromer composition.  

Meanwhile, GelNB-GelSH hydrogels composed of 5% (w/v), 7.5% (w/v), and 15% (w/v) total 

gelatin content all with a stoichiometric 1:1 thiol:ene molar ratio were fabricated to determine the 

effects of overall macromer concentration.  Optimized light exposure time was determined for 

each formulation to ensure complete coupling of norbornene to thiol groups by measuring the 

time required to reach a plateau of the average tissue deformation ratio (ATDR) which 

corresponds directly to the maximum stiffness (Figure 2.10 and Table 2.3). The tensile and 

compressive moduli of the GelNB-GelSH hydrogels were measured using the CellScale 

MicroSquisher (Waterloo, Canada) microscale mechanical testing apparatus. All samples were 

immersed in 1X DPBS at 37°C overnight prior to analysis. To measure the tensile modulus using 

the CellScale MicroSquisher, dog-bone-shaped specimens with overall dimensions of 6 mm (L) 

x 3 mm (Ws) with a 2 mm thickness and narrow section dimensions of 2 mm (L) x 1 mm (W) 

were used (see Table 2.2 for printing parameters). Samples were first loaded and held in place by 

carefully puncturing it at 8 equidistant points (four at the top and four at the bottom) via two 

parallel-aligned 4-prong forks (Figure 2.11 and Supplementary Video 1). Each sample was then 

pulled to 10% strain at a rate of 10 µm/s, held for 5 s, and the allowed to recover at a rate of 30 

µm/s. The combination of these three steps constituted one repetition and three repetitions were 

performed per sample (n = 5). To measure the compressive modulus, a cantilever adhered to a 
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platen was used to compress the sample to 10% strain at a rate of 3.33 µm/s, held for 2 s, 

followed by release at a rate of 10 µm/s. These steps were repeated three times to remove the 

effects of hysteresis and data from the third compression was used to calculate the modulus of 

the sample (n = 7). The resulting stress-strain curves for the tensile and compressive moduli 

measurements were then calculated by measuring the slope of each curve in its elastic region 

using a MATLAB code.  

The stability of the GelNB-GelSH constructs were determined by measuring the swelling 

ratio (n = 4-6) (Table 2.3). Briefly, samples were immersed in 1X DPBS at 37°C and imaged 

using a Leica DMI 6000-B microscope at 24 h, 72 h and 7 days post printing to obtain the 

hydrated cross-sectional area (Awet). Afterwards, samples were then washed three times with 

MilliQ water, dried in a 37°C oven for three days, and reimaged to measure the cross-sectional 

dry area (Adry). The swelling ratio for each time point was calculated by normalizing the average 

hydrated cross-sectional area to the average dry cross-sectional area (Awet/Adry). The average 

cross-sectional area of each construct was measured using ImageJ software. 

 

2.3.5 Scanning electron microscopy (SEM)  

 GelNB-GelSH and GelMA hydrogel samples (printing parameters in Table 2.4) were 

gradually dehydrated by first immersing in 20% ethanol overnight at 4°C. The next day, samples 

were subject to gradient dehydration in 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 95% ethanol 

followed by 100% ethanol repeated three times total. Each soaking step was performed for 20 

min at 4°C. The samples were then dried using a Tousimis AutoSamdri®-815A critical point 

dryer. Samples were then sputter coated with iridium for 7 s and imaged using a Zeiss Sigma 500 

scanning electron microscope. 
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2.3.6 Cell culture maintenance and 3D bioprinting of cellularized constructs  

 Human umbilical vein endothelial cells (HUVECs) (Cat. #C2519A, Lonza) were 

maintained in Endothelial Cell Growth Medium-2 (EGM-2) (Cat. #CC-3162, Lonza) and 

passaged every 3-4 days at 80% confluence. C3H/10T1/2 (10T1/2) fibroblast cells (Cat. #CCL-

226, ATCC) were maintained in Dulbecco Modified Eagle Medium (DMEM) (Cat. #11995-065, 

Gibco) supplemented with 10% (v/v) fetal bovine serum (Cat. #10082147, Gibco) and 1% (v/v) 

penicillin-streptomycin (Cat. #11548876, Gibco), and passaged every 3-4 days at 80-90% 

confluence. Human iPSCs (hiPSCs) were produced using previously established methods [51,74] 

and differentiated into iPSC-derived cardiomyocytes (hiPSC-CMs) according to previously 

established protocols [75].   

To prepare the cells for 3D bioprinting, HUVECs and 10T1/2 cells were collected by 

treating with 0.05% trypsin-EDTA and 0.25% trypsin-EDTA, respectively, then aliquoted into 

1.5 mL eppendorf tubes and centrifuged at 300xg for 5 min with the supernatant removed. 

Similarly, hiPSC-CMs were collected by treating with 0.25% trypsin-EDTA for 5 min, aliquoted 

into 1.5 mL eppendorf tubes, and pelleted at 300 xg for 3 min with the supernatant removed. All 

pelleted cells were placed on ice and used within 2 h.  For cell viability assessment, 3.33% (w/v) 

GelNB + 3.33% (w/v) GelSH + 0.4% (w/v) LAP prepolymer prewarmed to 37°C was added to 

each eppendorf to form a cell suspension of 5 million cells/mL comprised of mixture of 

HUVEC:10T1/2 cells at a ratio of 50:1. For hiPSC-CMs, cells were encapsulated at a 

concentration of 40 million cells/mL. The prepolymer-cell bioink mixture was then carefully 

pipetted into the printing chamber of the DLP-based 3D printer and UV irradiated to create a 3 

mm (L) x 3 mm (W) x 250 μm (H) cell-laden GelNB-GelSH construct for cell viability studies 
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(see Table 2.5). The HUVEC:10T1/2 and hiPSC-CM cellularized GelNB-GelSH constructs were 

then immediately placed into a 24-well plate with 750 μL of their respective medias and media 

was exchanged every other day. 

 

2.3.7 Cell viability and proliferation assessment 

 To assess HUVEC:10T1/2 and hiPSC-CM cell viability, Live/DeadTM 

Viability/Cytotoxicity assay (Cat. #L3224, Thermo Fisher Scientific) and CellTiter Glo® 3D cell 

viability assay (Cat. #G9681, Promega) were performed at 24 h, 72 h, and 7 day time points. 

Briefly, triplicate samples of HUVEC:10T1/2 or hiPSC-CM encapsulated GelNB-GelSH 

constructs were washed once with 1X DPBS and incubated in Live/DeadTM solution comprised 

of 2 uM calcein AM and 4 uM ethidium homodimer-1 in 1X DPBS for 30 min at 37°C. 

Following incubation, the stained samples were immediately imaged using a Leica DMI 6000-B 

microscope. Percentage viability was determined using ImageJ analysis and calculated by 

dividing the live cell count to the total cell count. Triplicate samples were also collected for each 

of the HUVEC:10T1/2 and hiPSC-CM GelNB-GelSH constructs for quantification of the total 

ATP content using the CellTiter Glo® 3D cell viability assay. In general, samples were 

transferred to a 24-well plate and equal volumes of culture media and CellTiter-Glo® 3D 

Reagent was added. Samples were then shaken at 160 rpm at room temperature for 1 h to ensure 

full release of ATP content from each cell-laden construct. Next, 200 μL of supernatant was 

collected from each sample and transferred to a white opaque-walled 96-well plate and 

luminescence was measured with a Tecan Infinite® M200 PRO microplate reader. ATP content 

from each sample was calculated based on an ATP standard curved generated using ATP 

disodium salt (Cat. #P1132, Promega) according to the manufacturer’s instructions.  
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2.3.8 Preparation of fluorescently-labeled ovalbumin and QK peptide conjugates 

Ovalbumin Alexa Fluor 647 (Cat. #O34784, Thermo Fisher Scientific), ovalbumin Alex 

Fluor 555 (Cat# O34782,Thermo Fisher Scientific) and ovalbumin Alexa Fluor 488 (Cat. 

#O34781, Thermo Fisher Scientific) were used to demonstrate passive conjugation or the active 

photopatterning capability with our DLP-based 3D printer. NHS-PEG (3.4 kDa)-NHS (Cat. 

#PG2-NS-3k, Nanocs) and NHS-PEG (3.4 kDa)-thiol (Cat. #PG2-NSTH-3k, Nanocs) served as 

intermediate linkers for ovalbumin to the respective available ε-amino or norbornene groups in 

the GelNB-GelSH construct. Ovalbumin functionalization and photopatterning procedures were 

based on prior literature [69,76], and all solutions were prepared in 1X DPBS. Briefly, 

fluorescently-labeled Alexa Fluor (AF) 488, 555 or 647 ovalbumin was first dissolved to create a 

4 mg/mL stock solution. To conjugate the ovalbumin to the intermediate linker, we added 10 

molar equivalents of the NHS-PEG linker, either NHS-PEG (3.4 kDa)-NHS or NHS-PEG (3.4 

kDa)-thiol, to the ovalbumin stock solution and allowed to react at room temperature for 1 h on a 

rotator plate. The fluorescently-labeled ovalbumin conjugates were stored at 4°C until further 

use. 

The proangiogenic VEGF peptide mimic QK with a Cys-PEG6 modification on the N-

terminus (Cys-PEG6-KLTWQELYQLKYKGI-NH2) was purchased from GenScript®. Briefly, 

the QK peptide was dissolved in 50 µL ultrapure water to yield a concentration of 1 mg/mL and 

mixed with an equal volume of 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer 

(Cat. #BP300-100, Thermo Fisher Scientific) containing 800 mM NaCl and 20% (w/v) 1,2-

propanediol. Next, 50 µL of 44 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) (Cat. #E7750-100MG, Sigma-Aldrich) and 48 mM 50 µL of N-
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hydroxysulfosuccinimide (sulfo-NHS) (Cat. #56485-250MG, Sigma-Aldrich) solutions were 

added to the QK peptide buffer solution and allowed to react under agitation for 15 min at room 

temperature. Meanwhile, 10 µL of 10 mg/mL Alexa FluorTM 488 hydrazide sodium salt (Cat. 

#A10436, Thermo Fisher Scientific) dissolved in DMSO was mixed with 400 µL of 100 mM 

sodium acetate buffer pH 5.5 (Cat. # AM9740, Thermo Fisher Scientific) and added to the 

prepared QK peptide solution. The mixture was then allowed to react for 75 min at room 

temperature under constant agitation and the fluorescently labeled QK peptide was concentrated 

using a PierceTM Protein Concentrator, 10 MWCO, 0.5 mL (Cat. # 88513, Thermo Fisher 

Scientific) by centrifuging the sample at 12,000 x g for 5 min. The supernatant containing the 

fluorescently labeled AF488-QK peptide was then adjusted to 1 mg/mL with 1X DPBS and 

stored at 4°C until further use. 

 

2.3.9 Photopatterning of ovalbumin and QK peptide into GelNB-GelSH hydrogel  

 Active photopatterning of ovalbumin was performed by soaking printed GelNB-GelSH 

constructs in 1 mg/mL of AF488-ovalbumin-PEG-thiol solution containing 0.2% (w/v) LAP for 

1 h. Digital patterns were then projected onto the GelNB-GelSH construct via UV irradiation 

using our DLP-based printer. Immediately after exposure the constructs were washed with 1X 

DPBS overnight. For passive conjugation of ovalbumin, GelNB-GelSH constructs were soaked 

in 1  g/mL of AF647-ovalbumin-PEG-NHS and allowed to react for 1 h at room temperature 

followed by washing in 1X DPBS overnight. 

Similarly, QK peptide was actively photopatterned by soaking the GelNB-GelSH 

constructs in 1 mg/mL of QK peptide solution supplemented with 0.2% LAP (w/v) for 1 h at 37 

°C, followed by selective UV irradiation with our DLP-based 3D printing platform and rinsed 
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overnight in 1X PBS. Note, this same procedure was performed for both fluorescently-labeled 

AF488-QK peptide for visualization and quantification of photoconjugation or non-fluorescently 

labeled QK peptide for the endothelial cell studies. Imaging was performed using a Leica DMI 

6000-B fluorescent microscope and an Olympus FV1000 confocal microscope with 3D 

reconstructions produced using ImageJ software. 

In our active photopatterning system, covalent conjugation can only be achieved upon 

UV irradiation in the presence of both LAP and the NHS-PEG-thiol linker (Figure 2.8). All 

active photopatterning and passive conjugation experiments were conducted using 3.33% (w/v) 

GelNB + 3.33% (w/v) GelSH + 0.4% (w/v) LAP to ensure excess norbornene groups were 

available for conjugation. Meanwhile, the GelNB concentration was increased to 5% (w/v) and 

6.66% (w/v) to demonstrate the effect of increased norbornene content on the amount of 

ovalbumin photoconjugation as shown in Figure 2.3C. See Table 2.6, 2.7 and 2.8 for more 

printing information. 

 

2.3.10 Quantification of photoconjugation in GelNB-GelSH constructs 

 To qualitatively measure the relative amount of photoconjugation of ovalbumin or QK 

peptide within the GelNB-GelSH constructs, printed samples were photopatterned using AF488-

labeled ovalbumin or QK peptide according to the above described methods. Upon rinsing the 

samples in 1X PBS overnight at 37 °C, images were taken with a Leica DMI 6000-B fluorescent 

microscope. Measurements of the relative fluorescent intensity were determined using ImageJ 

software (n=5). The plot profile function in ImageJ was also used to measure the change in 

fluorescent intensity across the capillary photopatterned slab shown in Figure 2.3C. 
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To quantify the concentration of photoconjugated ovalbumin or QK peptide within the 

GelNB-GelSH constructs, triplicate samples of 2 mm (L) x 2 mm (W) x 250 μm (H) slabs were 

all photopatterned with AF488-labeled ovalbumin or QK peptide at 20 s exposure and placed in 

a 48-well plate. Using adapted protocols [77],  200 μL of  prewarmed 0.3 mg/mL collagenase 

(Cat. # C9891-25MG, Sigma-Aldrich) in 1X PBS was added to each well and digested at 37°C 

for 1 h. Non-photopatterned GelNB-GelSH slabs were also digested in the same manner and 

served as background controls. Meanwhile, a 7-point standard curve was prepared using serially 

diluted AF488-labeled ovalbumin or QK peptide 1 mg/mL stock solution that was also exposed 

for 20 s to account for minor photobleaching of the samples due to brief UV exposure. Finally, 

200 μL of the digested sample supernatants and standards were loaded into a flat bottom black 

96-well plate and read with a Tecan Infinite® M200 PRO microplate reader at an excitation of 

490 nm and emission of 525 nm. Concentration was calculated based on the slope of the standard 

curve (n=5). 

2.3.11 Assessment of endothelial cell behavior to QK peptide  

To assess the chemotactic response of photopatterned QK peptide on endothelial cell 

migration within GelNB-GelSH hydrogels, a 3D printed daisy flower construct with 

HUVEC:10T1/2 cells (50:1) encapsulated at 20 million cells/mL in the central floral disc was 

fabricated using our integrated DLP-based printer. To visualize endothelial cell migration, 

HUVECs and 10T1/2 cells were stained with CellTracker™ Green CMFDA Dye (Cat. #C2925, 

Invitrogen). Cells were rinsed once with 1XPBS followed by incubation for 45 min at 37°C in 

serum-free M199 basal media (Cat.  #11150059, Thermo Fisher Scientific) for HUVECs and 

DMEM basal media (Cat. # 11995-065, Gibco) for 10T1/2 cells each supplemented with 5 µM 

of CellTracker™ Green CMFDA Dye. After incubation, the cells were rinsed with 1X PBS to 
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remove residual dye and their respective culture medium was replaced and allowed to recover 

overnight prior to encapsulation. The following four groups were tested: 1) full petal 

photopatterned +QK peptide, 2) single petal photopatterned +QK peptide, 3) full petal 

photopatterned -QK peptide control, and 4) non-photopatterned -QK peptide control. Note that 

the QK peptide photopatterned daisy constructs were fabricated as illustrated in Figure 2.13. 

Briefly, full daisy or single petal regions were first printed and then incubated for 1 h at 37°C in 

1 mg/mL QK peptide in ultrapure water prior to photopatterning with our DLP-based platform 

and subsequent endothelial cell encapsulation in the central region. The samples were cultured in 

EGM-2 media with media changes every other day and at time points of 0, 24, 48, and 72 h post-

printing the daisy constructs were imaged using a Leica DMI 6000-B fluorescent microscope to 

visualize endothelial cell migration from the central region to the surrounding petals. ImageJ cell 

counter was used to quantify the average cell counts per petal for each group over time (n = 6). 

All QK peptide photopatterning cell experiments were conducted using 3.33% (w/v) GelNB + 

3.33% (w/v) GelSH + 0.4% (w/v) LAP to ensure excess norbornene groups were available for 

conjugation as well as having appropriate mechanical properties to support cell viability based 

on the prior the cell viability experiments. See Table 2.7 for further printing information. 

 

2.3.12 Guided vascularization of a developing cardiac tissue mimic  

 To examine directed endothelial cell migration within a cellularized tissue construct, a 

developing cardiac tissue mimic was fabricated as a proof-of-concept to demonstrate the efficacy 

of photoconjugated QK-peptide to guide vascular growth as shown in Figure 2.4G. Briefly, as 

illustrated in Figure 2.14, 50 million cells/mL of hiPSC-CMs were first 3D printed to create the 

cardiac tissue portion followed by incubation for 1 h at 37°C in 1 mg/mL QK peptide in M199 
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basal media, and subsequently photopatterned with a vascular digital pattern. After rinsing the 

photopatterned cardiac tissue construct overnight in 1XPBS, CellTracker GreenTM stained 

HUVEC:10T1/2 cells (50:1, 20 million cells/mL) representing the endothelial cell population of 

the sinus venosus was printed into the complementary region. The samples were cultured in 

EGM-2 media with media changes every other day and at time points of 0, 24, 48, and 72 h post-

printing the daisy constructs were imaged using a Leica DMI 6000-B fluorescent microscope to 

visualize endothelial cell migration from the sinus venosus to the cardiac tissue region (n = 3). 

See Table 2.8 for further printing information. 

 

2.3.13 Statistical analysis 

All data are expressed as a mean ± standard deviation (SD). Statistical analyses were 

performed with GraphPad Prism version 6.0 Software by one-way ANOVA with Tukey’s post-

hoc comparison. Significant differences were considered when p<0.05.  

 

2.4 Results and Discussion 

2.4.1 Photoclickable thiol-ene gelatin hydrogel synthesis and printability 

In this study, we synthesized a pure gelatin thiol-ene prepolymer composed of two 

precursors: norbornene-functionalized gelatin (GelNB) and thiol-functionalized gelatin (GelSH) 

(Figure 2.1A). Norbornene was chosen as the alkene functional group due to its low 

homopolymerization and strained bicyclic structure, which allows for a more rapid reaction than 

electron‐deficient enes [62]. The photoinitiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) was added to the GelNB-GelSH prepolymer to enable 

photopolymerization using our DLP-based 3D projection bioprinter (Figure 2.1B) along with 
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subsequent orthogonal photopatterning to form diverse biofunctionalized tissue matrices at scale 

(Figure 2.1C). Due to the combined significant ring strain relief by the addition of a thiyl radical 

to the double bond in norbornene and rapid abstraction of hydrogen from the thiol, the overall 

step-growth polymerization kinetics proceed very quickly [63]. As such, we demonstrated rapid 

3D printing, on the order of seconds, of complex GelNB-GelSH hydrogels in a retinal capillary 

design (Figure 2.1D). With this printing system we were able to achieve constructs possessing 

fine micron scale resolution features as small as 10-30 μm with visible pixel detail on the edges.  

Given the inherently soft mechanical properties of pure gelatin-based biomaterials, the ability to 

fabricate larger 3D printed structures can be challenging and typically requires the addition of 

synthetic biomaterials to provide structural integrity. Since our GelNB-GelSH hydrogels rapidly 

form a homogenous gel network under photopolymerization, we were able to readily print 

centimeter scale structures by employing a continuous, DLP-based 3D printing approach. In this 

case, a pair of kidney-shaped constructs (Figure 2.1E, Figure 2.15) each measuring 

approximately 1 cm (L) x 0.7 cm (W) x 0.4 cm (H) was fabricated without the need for 

additional photo-absorbers typically required to control for excess free radical initiation or 

propagation that negatively effects the resolution, consistent with other works 3D printing thiol-

ene gelatin [55]. General features on the kidney shape were well-resolved with smooth contours, 

no physical collapse, and the structure robustly remained intact upon manual manipulation.  
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Figure 2.1 Fabrication of biofunctionalized GelNB-GelSH hydrogels using an integrated 
DLP-based 3D projection bioprinting and orthogonal bioconjugation platform. (A) 
Schematic of photo-induced thiol-ene click chemistry reaction to produce GelNB-GelSH 
hydrogels and subsequent biofunctionalization. (B) Schematic of our DLP-based 3D bioprinter 
and orthogonal bioconjugation platform for the rapid fabrication of GelNB-GelSH hydrogels and 
photopatterning of bioactive moieties. (C) Rapid orthogonal photopatterning to immobilize 
multiple bioactive moieties within GelNB-GelSH hydrogels via digital light projection to form 
small to large volume complex designs. This is accomplished by sequential photopatterning onto 
the same hydrogel by using select digital patterns for each bioactive moiety. Scale bars = 250 
μm. (D) Digital pattern of a retinal capillary network along with their corresponding brightfield 
images of printed GelNB-GelSH hydrogel showing high resolution features. Scale bars = 500 μm 
(i) and 250 μm (ii). (E) 3D printed GelNB-GelSH kidney-shaped constructs. The constructs were 
stained with dye post-printing for visualization. Scale bar = 5 mm.  
 
 
2.4.2 Modulation of physical properties of GelNB-GelSH hydrogels 

Given the printability of our GelNB-GelSH material, we next investigated the impact of 

different molar ratios of norbornene to thiol groups to modulate the physical properties of the 

printed hydrogels. Unlike chain-growth polymerization systems, such as gelatin methacrylate 



 35 

(GelMA), in which increased gel network density is often associated with higher macromer 

concentration [78,79], the orthogonal nature of our thiol-ene GelNB-GelSH prepolymer allows 

us to decouple the effects of available norbornene and thiol groups to alter the mechanical 

properties. Based on the measured degree of substitution for GelNB (~44%) and GelSH (~22%) 

(Figures 2.5-2.7), a set of GelNB-GelSH hydrogels of 1:1, 1:2, and 2:1 molar ratio of norbornene 

to thiol functional groups was fabricated. Relative to hydrogels prepared with 1:1 GelNB:GelSH, 

a change to 1:2 GelNB:GelSH resulted in a significant increase in tensile modulus as well as 

compressive modulus from 0.5 ± 0.3 kPa to 1.3 ± 0.4 kPa and 1.1 ± 0.3 kPa to 4.9 ± 1.3 kPa, 

respectively (Figure 2.2A, B). This can be attributed to the excess thiol groups present in the 1:2 

GelNB:GelSH formulation resulting in a denser network due to both the thiol-ene orthogonal 

coupling as well as the formation of disulfide bonds from the excess thiol moieties [80]. Notably, 

these mechanical properties are much softer than other thiol-ene gels, such as those developed by 

Bertlein et al. [8], which uses a very short cross linker (DTT) for provide its thiol groups. This 

means our material is more applicable towards soft tissues, as opposed to stiffer models, such as 

those required by cancer models. While the swelling ratio (i.e. ~15% and ~17% for 1:1 and 1:2 

GelNB:GelSH, respectively) was not significantly different between the hydrogels (Figure 2.2C), 

closer inspection of the ultrastructure via scanning electron microscopy (SEM) revealed a denser 

crosslinked network in the 1:2 GelNB:GelSH formulation (Figure 2.2D). In contrast, hydrogels 

prepared using a 2:1 GelNB:GelSH formulation with an excess of available norbornene groups 

showed a significantly lower tensile and compressive modulus of 0.8 ± 0.4 kPa and 1.7 ± 0.4 

kPa, respectively, compared to the 1:2 GelNB:GelSH case of excess thiol groups (Figure 

2.2A,B). Since fewer crosslinks are formed in the 2:1 GelNB:GelSH hydrogel, a looser gel 

network is created which is reflected upon the significantly higher swelling ratio observed 
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(Figure 2.2C) along with a more porous ultrastructure (Figure 2.2D). We further demonstrated 

that by fixing the molar ratio to 1:1 GelNB:GelSH, varying the total macromer concentration 

from 5% (w/v) to 15% (w/v) was directly proportional to an increase in tensile (i.e. ~0.5 to ~5 

kPa) and compressive moduli (i.e. ~1 to ~11 kPa) and decreased swelling ratio (i.e. ~15% to 

~9%) as expected due to greater crosslinking density (Figure 2.2A-C). In general, the 

compressive moduli of the printed GelNB-GelSH hydrogels were higher than the tensile moduli. 

Though it can be difficult in practice for soft materials like hydrogels, characterizing the tensile 

modulus in addition to the compressive modulus provides valuable insight for tissue engineering 

applications in which a graft or a scaffold is required to sustain both stretching and compressive 

forces [81,82]. Furthermore, all GelNB-GelSH hydrogels remained stable with no observable 

dimensional changes over 7 days upon reaching swelling equilibrium and possessed a more 

homogeneous gel network ultrastructure compared to chain growth polymerized GelMA (Figure 

2.9). Overall, these results showcase the possibility to modularly tune the physical characteristics 

of GelNB-GelSH hydrogels by altering the macromer components to control the degree of 

crosslinking independently of total gelatin content.   
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Figure 2.2 Physical characterization of printed GelNB-GelSH hydrogels and 
cytocompatibility of encapsulated cells. Plots of (A) tensile modulus, (B) compressive 
modulus, and (C) swelling ratio over time. * = significance between time points (p<0.05, n = 4-
7). (D) Representative SEM images showing the ultrastructure and porosity of the GelNB-GelSH 
hydrogels with varied molar ratios of norbornene to thiol functional groups. Scale bar = 1 μm. 
(E) Representative fluorescent images showing Live/DeadTM (green = live, red = dead) stained 
hiPSC-CMs and HUVEC:10T1/2 cells (50:1) over 7 days in culture. Scale bars = 250 μm. 
CellTiter Glo® 3D cell viability assay quantification of ATP content for (F) hiPSC-CMs and (G) 
HUVEC:10T1/2 cells encapsulated in GelNB-GelSH constructs over 7 days in culture. * = 
significance between time points (p<0.05, n = 3). For cell viability assays in (E), (F), and (G), 
GelNB:GelSH (2:1) (i.e. 3.33% (w/v) GelNB + 3.33% (w/v) GelSH) constructs were used. 
 
 
2.4.3 Soft GelNB-GelSH hydrogels as highly cytocompatible matrices 

In the context of tissue engineering, gelatin is a naturally occurring protein derivative of 

collagen and has been highly regarded as a matrix scaffolding biomaterial given its intrinsic 

biological properties, biocompatibility, and biodegradability [83]. Specifically, several studies 

have demonstrated the encapsulation of various cell types within gelatin-based thiol-ene 

hydrogels including porcine chondrocytes, human hepatocellular carcinoma cells, human 
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fibroblasts, and human keratinocytes [55,68,84]. However, with the advent of induced-

pluripotent stem cell (iPSC) technology and their growing use in regenerative medicine, disease 

modeling, and drug discovery, few studies have investigated the biocompatibility of iPSC-

derived cell types in gelatin thiol-ene hydrogel systems. To evaluate the potential of our GelNB-

GelSH hydrogel as a supportive matrix for iPSCs, we encapsulated iPSC-derived 

cardiomyocytes (hiPSC-CMs) in a soft hydrogel formulation chosen to fall within the stiffness 

range of the developing heart (i.e. ~5 kPa) to ensure optimal cell survival [85]. Live/DeadTM 

staining images showed good viability with very few detectable dead cells within the GelNB-

GelSH hydrogels over 7 days (Figure 2.2E), which correlates to the consistent metabolic activity 

measured using CellTiter-Glo® 3D cell viability assay (Figure 2.2F). Moreover, the high cellular 

density maintained that is necessary for cell-cell interactions led to strong synchronized 

contraction being observed uniformly throughout the entire tissue construct starting at 72 h post-

encapsulation (Supplementary Video 2). Since vascularization plays an important role in 

providing vital nutrients to cells as well as promoting the maturation of tissues [51,86], we also 

assessed the viability of encapsulated human umbilical cord endothelial cells (HUVECs) co-

cultured with C3H/10T1/2 (10T1/2) fibroblast cells to act as the supportive perivascular cells and 

mimic the native vascular population [87]. From the Live/DeadTM fluorescent images (Figure 

2.2E), our GelNB-GelSH hydrogels supported high cell viability, spreading, and proliferation as 

measured by the increase in metabolic activity over 7 days in culture (Figure 2.2G). Confluent 

regions of the printed construct also showed the cells adopting a cobblestone-like endothelial cell 

morphology near the surface of the hydrogel. Overall, our GelNB-GelSH hydrogels were able to 

support greater than 86% and 94% viability across all time points for the encapsulated hiPSC-

CMs and HUVEC:10T1/2 cells, respectively (Table 2.1). Together, these findings confirm the 
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potential of our 3D bioprinted GelNB-GelSH hydrogels for fabricating functional cell-laden 

tissue constructs for cardiac and vascular tissue engineering applications. 

 

2.4.4 Spatiotemporally controlled presentation of DLP-based photopatterned proteins 

within GelNB-GelSH hydrogels 

A key advantage of thiol-ene hydrogel systems is the capability to control the 

presentation of bioactive moieties to introduce additional biofunctional properties such as 

chemotactic guidance and differentiation factors to dictate cell fate. Using the same chemistry for 

GelNB-GelSH hydrogel assembly, thiolated proteins or peptide growth factors can be directly 

conjugated to available norbornene moieties within the hydrogel upon selective UV irradiation 

with our DLP-based 3D projection printing platform. Here, we used fluorescently labeled 

ovalbumin to explore multiple techniques to tune the degree of conjugation for the generation of 

patterned hydrogel substrates. In the first case, we demonstrated active UV photopatterning of 

AF488-ovalbumin-PEG-thiol into a capillary design followed by passive conjugation of AF647-

ovalbumin-PEG-NHS in the complementary regions (Figure 2.3A). The latter conjugation 

proceeds spontaneously via N-hydroxysuccinimide (NHS)-ester chemistry whereby an amide 

bond is formed with an available primary amine of GelNB or GelSH.  Due to patterned 

conjugation of AF488-ovalbumin-PEG-thiol within the hydrogel, secondary crosslinking within 

the same capillary region is greatly reduced as shown by the absence of AF647-ovalbumin-PEG-

NHS (Figure 2.3Aii). Next, we examined the degree of photoconjugation as a function of the UV 

irradiation exposure time (Figure 2.3B). Increasing the exposure time resulted in stronger 

fluorescence intensity which is directly correlated to greater AF488-ovalbumin-PEG-thiol 

conjugation within the GelNB-GelSH hydrogel as shown in the 15 s and 30 s exposed capillary 
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patterns in Figure 2.3Bi. Varying the exposure time also enables us to change the quantity of 

immobilized protein within a selected area and control the amount of subsequent 

photoconjugation available for different proteins within the same region. This was demonstrated 

by photopatterning AF647-ovalbumin-PEG-thiol over partial regions of the 15 s and 30 s 

exposed AF488-ovalbumin-PEG-thiol patterns (Figure 2.3B). Merged images displaying an 

overlap of the patterns within the 15 s region showed both AF488-ovalbumin-PEG-thiol and 

AF647-ovalbumin-PEG-thiol visibly present compared to the 30 s region where the AF488-

ovalbumin-PEG-thiol predominates. These findings illustrate a simple and direct approach to 

deterministically pattern multiple bioactive conjugates of varying amounts using exposure time 

within a specified area. Not only can this technique produce gradient designs, but it could also be 

useful in applications where preparing combinations of different factors is necessary to decouple 

synergistic effects in complex tissue systems. As a final variable, we assessed the effect of 

norbornene content within the hydrogels to modify the degree of photoconjugation. Here, 

photopatterning exposure time was kept constant while three different hydrogels of increasing 

excess norbornene groups were tested (Figure 2.3C). As expected, hydrogels possessing a greater 

excess of norbornene resulted in a greater degree of AF488-ovalbumin-PEG-thiol 

photoconjugation as measured by the increasing fluorescence intensity of the capillary designs 

observed between the 2:1 to 3:1 to 4:1 GelNB:GelSH portions of the hydrogel (Figure 2.3D). 

Confocal 3D reconstruction of our photopatterned capillary design further demonstrated the 

ability of our platform to attain full-depth photoconjugation throughout a 250 μm tall construct 

while maintaining clearly defined features of at least 50 μm resolution (Figure 2.3E). At present, 

rapidly photopatterning large volumes on the millimeter scale as well as real-time interchange 

between complex geometric designs is challenging using multi-photon techniques which 
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function in a raster-like fashion or traditional photolithography that involves multiple processing 

steps [64,65]. Our platform takes advantage of the benefits of DLP-based projection patterning 

used in the 3D bioprinting of hydrogels to rapidly photopattern the entire plane without 

compromising resolution, while also allowing for quick exchange of digital patterns and 

bioconjugates to form intricate designs. We confirmed this capability by generating a multi-

colored Mona Lisa portrait measuring approximately 2 mm by 3 mm in area by successively 

photopatterning three distinct digital patterns designed for each color of fluorescently labeled 

ovalbumin-PEG-thiols (i.e. AF488, AF555, and AF647). The fluorescent images in Figure 2.3F 

show well-defined shapes for each of the photopatterned regions which overlay to form the 

complete portrait. This is particularly useful in the biofabrication of tissues wherein rapid 

construction is critical to maintain cell viability in addition to having the flexibility to incorporate 

small to large scale hierarchical components. Altogether, the inherent tunability of our platform 

and GelNB-GelSH hydrogel system to adjust for different parameters to produce complex 

photoconjugated designs opens unlimited possibilities to engineer customized biofunctional 

matrices in a reproducible and robust manner.  
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Figure 2.3 Controlled presentation of immobilized proteins within GelNB-GelSH hydrogels 
using DLP-based photopatterning. (A) Dual mechanisms of protein conjugation showing 
active UV photopatterning with AF488-ovalbumin-PEG-thiol to excess norbornene groups, 
followed by passive spontaneous conjugation without UV irradiation of AF647-ovalbumin-PEG-
NHS to available primary amine of GelNB or GelSH. Scale bars = 500 μm. (B) Changing 
photopatterning exposure time to vary the degree of ovalbumin conjugation to norbornene 
groups within the GelNB-GelSH hydrogel wherein: (i) shows AF488-ovalbumin-PEG-thiol at 15 
s (top) and 30 s (bottom) exposure and (ii) shows a photopatterned overlap of AF647-ovalbumin-
PEG-thiol into the central region. Scale bars = 500 μm. (C) Varying the degree of ovalbumin 
conjugation by changing the norbornene availability in the GelNB-GelSH hydrogel wherein 
greater conjugation is observed in regions with higher norbornene content. Scale bars = 500 μm. 
Dotted white lines depict border of the printed GelNB-GelSH hydrogel slab. (D) Plot of 
fluorescence intensity corresponding to regions (a-c) in the GelNB-GelSH hydrogel as indicated 
by the yellow line. (E) Confocal 3D reconstruction of AF488-ovalbumin-PEG-thiol conjugated 
to the GelNB-GelSH hydrogel displaying full depth of photopatterning throughout the 250 μm 
tall construct. Inset shows confocal top view image of the capillary photopattern. Scale bars = 
250 μm and 200 um (inset). (F) Set of photopatterned designs used to form the Mona Lisa using 
(i) AF488-ovalbumin-PEG-thiol (green), (ii) AF555-ovalbumin-PEG-thiol (yellow), and (iii) 
AF647-ovalbumin-PEG-thiol (red). Scale bar = 250 μm.  
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2.4.5 Biofunctionalized GelNB-GelSH hydrogels enable programmable endothelial cell 

growth 

3D bioprinting technology has emerged as an excellent method for the placement of 

biomaterials and cells with high spatiotemporal precision to build biomimetic tissue and organ 

substitutes.  Consequently, an equally important factor to demonstrate the potential clinical 

translation of bioprinted tissues is the ability to control cell fate over time to ensure predictable 

biological responses such as migration, proliferation, and differentiation in vitro or in vivo [88]. 

Building on this concept, we applied our integrated DLP-based 3D bioprinting and orthogonal 

bioconjugation platform to fabricate a 3D chemotactic guidance model to produce programmable 

tissue vascularization. We hypothesized that photopatterning the VEGF peptide mimic, QK with 

a cysteine-PEG6 modification on the N-terminus (i.e. Cys-PEG6-KLTWQELYQLKYKGI-

NH2), within our GelNB-GelSH hydrogels would permit control over encapsulated endothelial 

cell migration, proliferation, and directionality as it has been demonstrated previously to 

modulate angiogenic response [89,90]. To enable visualization of photopatterned QK peptide, we 

used fluorescently labeled AF488-QK peptide and photopatterned it into a daisy flower to 

demonstrate control over both uniform and gradient designs as shown in Figure 2.4A and Figure 

2.4B, respectively, wherein longer exposure times resulted in greater fluorescence intensity 

(Figure 2.4C). In this case, an exposure time of 20 s was chosen for all subsequent cell studies 

which corresponds to an approximate concentration of 0.36 ± 0.03 μg/mL QK peptide 

photoconjugated within the GelNB-GelSH hydrogel. To visually track endothelial cell response, 

a 3D printed daisy flower construct was created comprising of acellular petals and a cellularized 

central floral disc composed of encapsulated HUVEC:10T1/2 cells (50:1 ratio) stained with 

CellTrackerTM Green (Figure 2.4D and Figure 2.12A). Bioactivity of the QK peptide was 
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maintained post-photopatterning as confirmed by the significantly greater number of cells 

observed in the petal regions of the full photopatterned +QK peptide group compared to the non-

photopatterned -QK peptide control (Figure 2.4E). In particular, the effect of QK peptide on cell 

migratory response was immediate at 24 h with cells reaching more than 500 μm in distance to 

the petal periphery by 72 h. In addition, cell proliferation was also observed as shown by the 

visible enlargement of the central floral disc in the full photopatterned +QK peptide group. 

While photopatterning may have induced small changes in mechanical properties of the petal 

regions, these effects were found to be negligible in influencing endothelial cell migration in the 

full petal photopatterned controls absent of QK peptide (Figure 2.13C). Directionality of 

endothelial cells due to the presence of photopatterned QK peptide was also assessed using a 

single petal photopatterned +QK peptide design (Figure 2.4D). Analogous to the full 

photopatterned +QK peptide group, significant preferential migration of cells was observed 

towards the single photopatterned +QK peptide petal compared to the remaining five petals 

across 72 h in culture (Figure 2.4F). In addition, redistribution of cell density within the central 

flower disc occurred showing visibly higher cell density located near the border of the single 

photopatterned +QK peptide petal (Figure 2.4D). Based on the bioactive potency of 

photopatterned QK peptide, as a proof-of-concept, we investigated a practical application by 

recapitulating the developmental event of recruiting vascular cells from the sinus venous to form 

the cardiac capillary bed (Figure 2.4G) [91]. We first 3D printed the cardiac portion composed of 

hiPSC-CMs at tissue scale density (i.e. 50 million cells/mL) and subsequently photopatterned 

QK peptide into a vascular digital pattern followed by bioprinting of the endothelial sinus 

encapsulated with HUVEC:10T1/2 cells (50:1 ratio) stained with CellTrackerTM Green (Figure 

2.14A). Over the course of 72 h, visible migration of the endothelial cell population was 
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observed that was guided by the photopatterned QK peptide within the cardiac tissue region. 

Meanwhile, there was no observable endothelial cell migration into the cardiac region in the 

photopatterned controls absent of QK peptide as well as non-photopatterned -QK peptide 

controls (Figure 2.14B). In general, this work showcases the relevant application of our DLP-

based orthogonal bioconjugation system to study endothelial cell guidance and lays the 

groundwork for future studies examining dynamic processes for the controlled de novo formation 

of vascular networks.  
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Figure 2.4 Photopatterning of the VEGF mimic QK peptide for guidance of endothelial 
migration, proliferation, and directionality. Representative fluorescent images of a printed 
GelNB-GelSH daisy construct showing (A) uniform and (B) gradient (i.e. petals: A = 0 s, B = 5 
s, C = 15 s, D = 20 s, E = 25 s, F = 30 s exposure) photopatterning of AF488-QK peptide. Scale 
bars = 500 µm. (C) Plot of relative fluorescence intensity corresponding to each petal in the 
gradient photopatterned daisy flower (n = 5). (D) Representative fluorescent images of 3D 
bioprinted GelNB-GelSH daisy constructs showing the migratory response of encapsulated 
CellTracker GreenTM stained HUVEC:10T1/2 (50:1) cells from the central floral disc to the petal 
regions over 72 h. Yellow asterisk denotes the single photopatterned +QK peptide petal. Scale 
bars = 500 µm. (E) Average cell counts per petal in the full +QK peptide petal design compared 
to the full non-photopatterned -QK peptide petal control. (F) Average cell counts per petal in the 
single photopatterned +QK peptide petal compared to the surrounding non-photopatterned -QK 
peptide petal controls. * = significance between groups (p<0.05, n = 6). (G) 3D printed 
developing cardiac tissue mimic composed of hiPSC-CMs showing CellTracker GreenTM stained 
HUVEC:10T1/2 (50:1) cells growing from the sinus venosus to the capillary bed region in 
response to photopatterned +QK peptide over 72 h. Red outline denotes printed region of the 
sinus venosus (n = 3). Scale bar = 500 µm. 
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2.5 Conclusions 

Our findings highlight the potential application of our integrated DLP-based 3D 

bioprinting and orthogonal bioconjugation platform as an advanced biomanufacturing method for 

precision tissue engineering. In particular, our platform enables us to produce programmable cell 

niches through biofunctionalized 3D printed hydrogels with predetermined environmental cues 

to control for different cellular behavioral outcomes.  Namely, the versatility offered in our thiol-

ene GelNB-GelSH hydrogel system enables higher-ordered modulation of desired mechanical 

properties as well as gel network density through varying the molar ratio of norbornene to thiol 

moieties. The pure gelatin composition within our soft GelNB-GelSH hydrogels also served as a 

conducive environment to support high cell viability of hiPSC-CMs and endothelial cells to 

enable rapid 3D bioprinting of complex tissue geometries with micron scale resolution. By using 

our DLP-based orthogonal photoconjugation technique to immobilize proteins and peptide 

growth factors, additional biochemical properties could be directly designed into 3D bioprinted 

cell matrices with high spatiotemporal precision in a scalable manner. In addition to sequential 

3D bioprinting and photopatterning as demonstrated in this study to form heterogenous 

photoconjugated regions, it is also possible to perform photopatterning during 3D printing to 

achieve homogenous photoconjugated constructs in a one-step process to improve the workflow 

of future systems.  The methods established in this study for combining bioprinting and 

orthogonal photoconjugation can be later adopted to fully 3D models, and we aim to expand 

peptide immobilization into 3D geometries, allowing us to explore long term vasculature and 

tissue development. Additionally, in the realm of regenerative medicine, this technology would 

open new directions to build transformative 3D bioprinted cell matrices that can predictably 

guide desired cell fate by utilizing the expansive library of bioactive peptides, proteins, or growth 
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factors available in literature for broad applications such as tissue repair, disease modeling, and 

stem cell engineering. 
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2.7 Supplementary Material 

 

 
Figure 2.5 1H-NMR spectrum of gelatin control. The phenylalanine group is used to control 
for concentration, and the lysine methylene peak represents the amount of lysine groups 
originally present. 

 
Figure 2.6 1H-NMR spectrum of GelSH. The phenylalanine group is used to control for 
concentration, and the lysine methylene peak represents the amount of lysine groups left after a 
portion have reacted to thiol groups. 
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Figure 2.7 1H-NMR spectrum of GelNB. The phenylalanine group is used to control for 
concentration, and the lysine methylene peak represents the amount of lysine groups left after a 
portion have reacted to norbornene groups. 

 
Figure 2.8 Schematic for 3D printing with material, side view. A) A clean slab of PDMS is 
placed on top of a glass slide for stability. B) PDMS spacers of the desired height are placed on 
the PDMS base, framing the future scaffold. C) Material is pipetted between the spacers and a 
methacrylated coverslip is placed on top of the material, fixing the height of the scaffold. D) UV 
light is patterned from above, penetrating through the clear methacrylated coverslip to 
polymerize the prepolymer solution. E) When the polymerization is complete, the coverslip, with 
the scaffold attached, is removed and washed with 1X PBS to remove any extra prepolymer 
solution.  
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Figure 2.9 Representative SEM images of GelNB-GelSH versus GelMA hydrogels. The 
ultrastructure of GelNB-GelSH hydrogels (1:1 molar ratio) was compared to GelMA hydrogels 
at equivalent gelatin concentrations of (A, C) 7.5% (w/v) and (B,D) 15% (w/v). Visually, a 
uniform porous polymer network is present within GelNB-GelSH hydrogels formed via 
orthogonal thiol-ene click chemistry, whereas the GelMA hydrogels formed via chain-growth 
polymerization yields a more irregular ultrastructure. Scale bars = 0.5 μm.  
 

 
Figure 2.10 Plots of measured average tissue deformation ratio (ATDR). The CellScale 
MicroSquisher was used to determine the optimum exposure time required to reach maximum 
stiffness and thus complete polymerization per GelNB-GelSH formulation. * = indicates the 
chosen exposure time corresponding to the start of the plateau region. 
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Figure 2.11 Representative images of GelNB-GelSH constructs printed into a dog-bone 
shape for tensile testing. Using the CellScale UniVert apparatus, a typical force versus time plot 
is also shown as a result of pulling and relaxation of the hydrogel. Scale bars = 1 mm. 
 

 
Figure 2.12 Representative fluorescent images of AF488-ovalbumin controls. No covalent 
conjugation to the GelNB-GelSH hydrogel was observed in the absence of LAP, NHS-PEG-thiol 
linker, or photopatterning after being immersed for 24 h in 1X PBS. Scale bars = 500 μm.  
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Figure 2.13 Schematic of the 3D bioprinting and photopatterning process as well as their 
corresponding digital patterns to fabricate GelNB-GelSH daisy constructs. (A) Full petal 
photopatterned +QK peptide and (B) single petal photopatterned +QK peptide. For each step in 
3D printing or photopatterning, an exposure time of 20 s was used. (C) Representative 
fluorescent images of GelNB-GelSH daisy construct controls that have been photopatterned in 
the absence of QK peptide, showing slow outgrowth of HUVEC:10T1/2 cells from the central 
floral disc to the petals. Scale bars = 500 µm. (D) Corresponding plot showing the average cell 
count per petal over 72 h in culture (n = 6). 
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Figure 2.14 Cardiac tissue prints. (A) Schematic of the 3D bioprinting and photopatterning 
process as well as the corresponding digital masks used to fabricate a vascularized developing 
cardiac tissue mimic. (B) Representative images of 3D bioprinted GelNB-GelSH developing 
cardiac tissue mimic controls composed of hiPSC-CMs photopatterned or non-photopatterned both 
without QK peptide present. CellTracker GreenTM stained HUVEC:10T1/2 cells show no visible 
migration in both control conditions from the sinus venosus to the capillary bed region over 72 h. 
Red outline denotes printed region of the sinus venosus. Scale bars = 500 µm.  
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Figure 2.15 3D printed acellular constructs. (A) CAD drawing of kidney-shaped constructs. (B) 
3D printed GelNB-GelSH kidney shaped constructs in 1X PBS showing smooth contours and 
curvature.  
 
Table 2.1 Summary of percentage viability of HUVEC:10T1/2 or hiPSC-CM encapsulated 
in GelNB-GelSH constructs. 

Cell Type 24 h 72 h 7d 
HUVEC:10T1/2 94.4 ± 1.4 96.6 ± 1.6 96.8 ± 0.7 

hiPSC-CM 90.6 ± 1.1 88.2 ± 0.9 86.8 ± 2.8 
 
 
Table 2.2 Printing parameters used for tensile modulus prints (UV power at 9.5 mW/cm2) 

Material Exposure 
Time (s) 

Scaffold 
Height 
(mm) 

Notes 

1.67% GelNB/3.33% GelSH/0.2% LAP 22 2 All scaffolds post 
print were 

incubated for 5 min 
with 0.5% LAP 

under UV power of 
7.53 mW/cm2 

2.5% GelNB/5% GelSH/0.2% LAP 21.5 2 
5% GelNB/10% GelSH/0.2% LAP 24.5 2 

3.33% GelNB/3.33% GelSH/0.2% LAP 35 2 
1.67% GelNB/6.67% GelSH/0.2% LAP 32.5 2  

 
Table 2.3 Printing parameters used for compressive modulus and swelling prints (UV 
power at 9.5 mW/cm2) 
 

Material Exposure 
Time (s) 

Scaffold Height 
(mm) 

1.67% GelNB/3.33% GelSH/0.2% LAP 35 1 
2.5% GelNB/5% GelSH/0.2% LAP 80 1 
5% GelNB/10% GelSH/0.2% LAP 60 1 

3.33% GelNB/3.33% GelSH/0.2% LAP 60 1 
1.67% GelNB/6.67% GelSH/0.2% LAP 40 1 
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Table 2.4 Printing parameters used for SEM prints (UV power at 9.5 mW/cm2) 

Material Exposure 
Time (s) 

Scaffold Height 
(mm) 

1.67% GelNB/3.33% GelSH/0.2% LAP 35  1  
2.5% GelNB/5% GelSH/0.2% LAP 80  1  
5% GelNB/10% GelSH/0.2% LAP 60 1  

3.33% GelNB/3.33% GelSH/0.2% LAP 60 1  
1.67% GelNB/6.67% GelSH/0.2% LAP 40 1  

5% GelMA/0.2% LAP 60 1  
7.5% GelMA/0.2% LAP 60 1  
15% GelMA/0.2% LAP 60 1  

 
Table 2.5 Printing parameters used for cell viability prints 

Material UV 
Power 

Exposure 
Time (s) 

Scaffold 
Height (mm) 

3.33% GelNB/3.33% 
GelSH/0.4% LAP + 5 million 

cells/mL (50:1 HUVEC:10T1/2) 

9.5 
mW/cm2 20 250 

3.33% GelNB/3.33% 
GelSH/0.4% LAP + 40 million 

cells/mL (hiPSC-CM) 

9.5 
mW/cm2 20 250 
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Table 2.6 Printing parameters for ovalbumin prints 
 

Material UV Power Exposure 
Time (s) 

Scaffold 
Height (mm) 

Figure 2.6A Parameters 
3.33% GelNB/3.33% 

GelSH/0.4% LAP  9.5 mW/cm2 60 250 

AF488-ovalbumin-PEG-thiol 20.3 mW/cm2 30 250 
Figure 2.6B Parameters 

3.33% GelNB/3.33% 
GelSH/0.4% LAP  9.5 mW/cm2 60 250 

AF488-ovalbumin-PEG-thiol 20.3 mW/cm2 15 250 
AF488-ovalbumin-PEG-thiol 20.3 mW/cm2 30 250 
AF647-ovalbumin-PEG-thiol 10.15 mW/cm2 5 250 

Figure 2.6C Parameters 
3.33% GelNB/3.33% 

GelSH/0.4% LAP (2:1 
GelNB:GelSH) 

9.5 mW/cm2 60 250 

5% GelNB/3.33% 
GelSH/0.4% LAP (3:1 

GelNB:GelSH) 
9.5 mW/cm2 60 250 

6.67% GelNB/3.33% 
GelSH/0.4% LAP (4:1 

GelNB:GelSH) 
9.5 mW/cm2 60 250 

AF488-ovalbumin-PEG-thiol 20.3 mW/cm2 60 250 
Figure 2.6F Parameters 

3.33% GelNB/3.33% 
GelSH/0.4% LAP  9.5 mW/cm2 20 250 

AF488-ovalbumin-PEG-thiol 20.3 mW/cm2 30 250 
AF555-ovalbumin-PEG-thiol 20.3 mW/cm2 15 250 
AF647-ovalbumin-PEG-thiol 10.15 mW/cm2 5 250 
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Table 2.7 Printing Parameters for daisy prints 
Parameters for Daisy Prints 

Material 
UV 

Power 
(mW/cm2) 

Exposure 
Time (s)  

Scaffold 
Height (mm) 

3.33% GelNB/3.33% GelSH/0.4% 
LAP 10.15  30 250 

QK Peptide (Uniform or Single Petal 
Print) 10.15  20 250 

QK Peptide (Gradient Print) 10.15  
5, 

10,15,20, 
or 25 

250 

3.33% GelNB/3.33% GelSH/0.4% 
LAP  + 5 million cells/mL (50:1 

HUVEC:10T1/2) 
10.15  30 300 

 
Table 2.8 Printing parameters for sinus venosus prints 

Material UV Power 
(mW/cm2) 

Exposure 
Time (s) 

Scaffold 
Height (mm) 

3.33% GelNB/3.33% 
GelSH/0.4% LAP  + 5 
million cells/mL (50:1 

HUVEC:10T1/2) 

9.5  20 250 

3.33% GelNB/3.33% 
GelSH/0.4% LAP + 40 

million cells/mL (hiPSC-
CM) 

9.5  20 250 

QK Peptide (Gradient Print) 10.15  20 250 
 
Supplementary Videos 1 and 2 are available in separate video files. 
Supplementary Video 1. Demonstration of the CellScale UniVert performing one cycle of 
stretching and relaxation for tensile measurements of the GelNB-GelSH constructs.  
Supplementary Video 2. Synchronous beating of hiPSC-CMs encapsulated in GelNB-GelSH 
constructs after 7 days in culture. Scale bar = 500 µm 
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CHAPTER 3: RAPID 3D BIOPRINTING OF A HUMAN IPSC-DERIVED CARDIAC 

MICRO-TISSUE  

3.1 Abstract 

With cardiac disease a reigning problem in the world, the need for accurate and high 

throughput drug testing is paramount. 3D cardiac tissues are promising models, as they can 

recapitulate the cell-cell, cell-matrix, and cell-tissue interactions that impact response to a drug. 

Using an in-house developed micro-continuous optical printing system, we created a cardiac 

micro-tissue in mere seconds with microscale alignment cues in a hydrogel scaffold that is small 

enough to fit in a 96-well plate. The 3D bioprinted, asymmetric, cantilever-based tissue scaffold 

allows one to directly measure the deformation produced by the beating micro-tissue. After 7 

days, the micro-tissue exhibited a high level of sarcomere organization and a significant increase 

in maturity marker expression.  

 

3.2 Introduction 

 Cardiotoxicity is a major cause of failure during drug development, a process that takes 

10-15 years and costs a median of over $5 billion [7]. Moreover, cardiovascular disease is a 

leading health concern, accounting for 30% of deaths worldwide [25,92]. Many drug companies 

employ 2D human models or mouse models to test potential drugs, but these models do not 

translate well to human trials. For example, 2D models do not have the complex extracellular 

matrix (ECM)-cell, cell-cell, and cell-tissue interactions that influence calcium handing and gene 

expression within cardiac tissues, leading to different responses to drugs than within humans 

[2,7,92]. Moreover, mouse models, although they are able to model a complex organ response, 

have significant interspecies differences to humans. For instance, mice have a resting heart rate 
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ten times higher than the average human, and a QT rate ¼ as long. Furthermore, differences in 

ion handling and pharmacokinetic properties prevent the mice from being a good predictive 

model [18,92]. 

 To this end, 3D engineered heart tissues have become critical as they can better 

recapitulate the 3D environment and its impact on the cardiac cells. To create an accurate cardiac 

tissue, researchers have integrated stem cell-derived human cardiac cells into models. Human 

induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are advantageous because 

the stem cells can be expanded before their differentiation into cardiomyocytes. This makes them 

easier to culture than adult cardiomyocytes, which are difficult to procure and do not proliferate 

[2]. However, the maturity of hiPSC-CMs is a pervasive issue within the field [2,10]. Newly 

differentiated hiPSC-CMs have many markers of immaturity, such as poor calcium handling and 

limited tissue alignment, which makes them poor models for a mature adult heart [5,10]. Various 

studies have investigated methods to mature the hiPSC-CMs into adult phenotypes, particularly 

via the alignment of the cells. Previous works have explored a variety of methods for introducing 

alignment, including protein-guided alignment, microgrooves, and aligned nanofibers 

[7,10,93,94]. However, many of these models were 2D, and cannot fully recapitulate a 3D tissue.  

To form 3D hiPSC-CM models, many researchers have simply encapsulated the cells in 

an ECM such as fibrin, collagen, gelatin, and/or gelatin methacrylate (GelMA) [7,92]. This 

allows the cells to be suspended in a 3D space as they spread and form connections. However, 

many of these 3D models did not use direct alignment cues for the cardiac cells. In substitute, 

some models incorporate two pillars on either side of the tissue that move when the tissue 

contracts. This constant stress on the tissue enhances cardiac alignment, with the added benefit of 

accurately measuring the contractility of the tissue. A common method for producing these 
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models is to first produce molded PDMS pillars. These are then cultured upside-down in a pool 

of cell and ECM suspension. Overtime, the cells naturally adhere to and organize around the 

pillars, displacing them as they begin to exhibit a beating phenotype [7,10,20,22,24,94–98]. The 

models have a large range in size, from about a length of 500 µm to a length of 5 mm, as well as 

a variety of tracking methods, from grayscale tracking to embedded fluorescent beads. The 

relatively simple fabrication of these models has also translated into established protocols and 

commercial products, such as those produced by Tiburcy et al. and the BiowireTM, respectively 

[24,98]. Nevertheless, these tissues rely on the tension force of contracting cells to align the 

cardiomyocytes.  Research suggests that by incorporating 3D alignment cues in the matrix, a 

more organized tissue can be formed [22]. 

 Creating 3D alignment cues in tissues can be best addressed by 3D bioprinting. By 

mixing cells in ECM, a 3D printer can specify the initial location of the cardiac cells with the 

ECM, acting as 3D physical and biochemical guidance during culture. Our recently developed 

micro-continuous optical printing system (µCOP) is an ideal 3D bioprinting method for its 

superior printing resolution, speed, and biocompatibility [22,43,94,99].  The µCOP system uses a 

UV-light to polymerize a pre-polymer solution per optical patterns, thereby creating a 3D 

hydrogel construct encapsulating biological cells. Due to the printer’s rapid printing nature, cells 

spend a minimal time outside of culture, making the system advantageous to slower, extrusion-

based printers. Many photopolymerizable ECMs have been developed for use in both acellular 

and cellular printing, such as GelMA, poly(ethylene glycol) diacrylate (PEGDA), glycidyl 

methacrylate-hyaluronic acid (HAGM), and thiol-ene gelatin [55–57,99]. GelMA is a popular 

photopolymerizable ECM for bioprinting encapsulated cells due to the natural degradation and 

adhesion moieties present from gelatin, making it easily reorganized by cells [70]. The 
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methacrylate groups functionalized onto the gelatin backbone undergo free-radical 

polymerization, quickly propagating in selected areas exposed to UV-light. By adjusting both the 

light exposure time and the concentration of GelMA, the hydrogel pore size changes, thereby 

impacting hydrogel stiffness, which can be tuned according to the tissue system [43]. The free 

radicals are generated via a photoinitiator, which produces radicals upon exposure to a select 

wavelength of light. Within our bioprinting, a low intensity, 365 nm UV light is used to induced 

free-radical generation. Compared to middle-UV light (e.g. 254 nm), 365 nm UV light has been 

shown to have a limited impact on proliferation and protein expression, even after exposure for 

10 min [38,100]. As the prints created by our µCOP system are exposed for less than 60 seconds 

and with a low intensity, we can therefore assume that the exposure to 365 nm UV light is 

relatively safe. 

Using the µCOP system, we printed a cardiac micro-tissue with 3D alignment. The 

micro-tissue fits onto a 5 mm coverslip, which is then transferred to the well of a 96-well plate 

for rapid drug testing. This is novel as many comparable miniature models do not have initial 

3D-alignment, but develop it purely from stress cues [18,94,97,101]. Moreover, we successfully 

differentiated, cultured, and printed hiPSC-CMs into the scaffold and demonstrated their increase 

in maturity over 7 days. Significantly, we incorporated fluorescent beads to the pillar set-up to 

enable more robust tracking of the tissue contraction in smaller dimensions. 

 
3.3 Materials and Methods 

3.3.1 Methacrylated Coverslip Preparation 

Glass coverslips were functionalized with methacrylate groups to allow the printed 

hydrogels to stick to the coverslip; during photopolymerization, the methacrylate groups on the 

coverslips react with the acrylate groups in the hydrogel. To functionalize, first a 1:10 mixture of 
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acetic acid (Cat. # 320099-500ML, Sigma-Aldrich) to 100% ethanol (Cat#. 459836-1L, Sigma 

Aldrich) was produced. Next, a solution 1.75%(v/v) 3-(Trimethoxysilyl)-Propyl Methacrylate 

(TMSPMA) (Cat. #, M6514-50ML, Sigma-Aldrich), 10.5%(v/v) 1:10 acetic acid: ethanol, and 

87.75%(v/v) 100% ethanol was added to a 50 mL conical. 5 mm round coverslips were then 

added to the conical, with the solution approximately double volume of coverslips, and left on 

the rocker overnight for incubation at room temperature. The next day, the coverslips were 

washed twice with 100% ethanol, twice with MilliQ water, and left to dry at room temperature. 

Methacrylated coverslips were stored under aluminum foil and left at room temperature. 

 

3.3.2 GelMA Synthesis 

Methacrylated gelatin (GelMA) was synthesized according to previously published 

protocols [78,102]. Briefly, gelatin (Cat. #G2500, Sigma-Aldrich) was dissolved in 60°C 1x PBS 

(Cat. #14190144, Gibco) at 1%(w/v) and stirred until dissolved. Methacrylic anhydride (Cat. # 

276685, Sigma Aldrich) was then added dropwise to 8%(v/v) and reacted for 3 hr. The reaction 

was quenched by a 2x dilution with additional 60°C 1x PBS and allowed to stir for another 15 

min. The solution was then dialyzed against 40°C MilliQ water for one week using 12-14 kDa 

cutoff dialysis tubing (Cat. #132706, Spectrum Labs). After dialysis, the solution was lyophilized 

for three days and stored at -80°C until further use. 

 

3.3.3 HAGM Synthesis 

 Hyaluronic acid glycidyl methacrylate (HAGM) was synthesized according to previously 

published protocols [103]. Briefly, 1% (w/v) of sodium hyaluronate (Cat. #HA5K-5, Lifecore 

Biomedical) was dissolved in a 1:1 solution of water: acetone at room temperature overnight. A 
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20-fold molar excess (7.2%(w/v)) of triethylamine (Cat. # 471283, Sigma-Aldrich) was then 

added dropwise to the solution and reacted for 30 min. Directly following, a 20-fold molar 

excess (7.2%(w/v)) of glycidyl methacrylate (Cat. #151238, Sigma Aldrich) was added dropwise 

and the solution reacted overnight. The solution was then washed with 4 L of acetone via 

filtration. The resulting precipitate was dissolved in MilliQ water and dialyzed against MilliQ 

water for 12 hr using 3.5 kDa cutoff dialysis tubing (Cat. #132592, Spectrum Labs). After 

dialysis, the solution was lyophilized for three days and stored at -80°C until further use. 

 

3.3.4 LAP Synthesis 

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized according to 

previously published protocols [38]. Briefly, 3.2 g of 2,4,6-trimethylbenzoyl chloride (Cat. 

#C965Y83, Thomas Scientific) was added dropwise to 3 g of dimethyl phenylphosphonite (Cat. 

#149470, Sigma-Aldrich) and reacted under argon gas for 18 hr. After heating the mixture in a 

water bath to 50°C, 6.1 g lithium bromide (Cat. #213225, Sigma-Aldrich) dissolved in 100 mL 

of 2-butanone (Cat. #M209-4, Thermo Fisher Scientific) was added dropwise and reacted for 10 

min. The reaction was cooled at room temperature for 4 hr, after which the resulting precipitate 

was washed with 400 mL of 2-butanone (Cat. #M209-4, Thermo Fisher Scientific) via filtration. 

The washed precipitate was dried overnight, then collected and stored at room temperature under 

argon until use. 

 

3.3.5 Prepolymer Solution Preparation 

Stock solutions were prepared as follows; lyophilized GelMA and HAGM foams were 

dissolved in 1x PBS at 37°C at 20%(w/v) and 8%(w/v) stock solutions, respectively, sterilized 
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with a 0.22 µm filter (Cat. #SCGP00525, Millipore Sigma), and stored at 4°C. Powdered LAP 

was dissolved in 1x PBS at 37°C at 4%(w/v), sterilized with a 0.22 µm filter, and stored at 4°C.  

To prepare prepolymer solutions, stock solutions were first warmed to 37°C. The stock 

solutions were then added to the appropriate concentration for each prepolymer solution, as 

outlined in Table 3.1, vortexed, and then stored in 4°C until printing. The prepolymer solution 

for the base layer was 2% HAGM, 2% PEGDA700 (Cat. #455008-500ML, Sigma Aldrich), and 

1% LAP. The pillar layer was printed using 15% GelMA, 0.2% LAP, and 1% AF555 fluorescent 

beads (Cat. #F13082, Thermo Fisher Scientific). The cell-encapsulated line layer was fabricated 

using 7.5% GelMA and 0.6% LAP, and the cells were added directly before printing. 

 

3.3.6 Human iPSC Culture and Cardiac Differentiation 

Human iPSCs were re-programmed as previously described and maintained in Essential 8 

medium (Cat. #A1517001, ThermoFisher Scientific) [94]. For maintaining culture, 6-well plates 

were coated with hESC-qualified Matrigel (Cat. #354277, Corning) and split 1:6 every 3-4 days 

with Versene (Cat. #15040066, ThermoFisher Scientific).  For differentiation, 12-well plates 

were coated with Matrigel and seeded at 1:6 and culture until reaching 80% confluency. 

Differentiation was initiated using the PSC Cardiomyocytes Differentiation kit (Cat. #A2921201, 

ThermoFisher Scientific). Briefly, cells were first cultured with differentiation media A for 2 

days, differentiation media B for another 2 days, and then differentiation maintenance media for 

8 days. Following the completion of the differentiation, cells were purified with RPMI medium 

without glucose (Cat. #11879020, ThermoFisher Scientific) supplemented with 4 mM lactate 

(Cat. #129-02666, Wako Chemicals) for 6 days. The purified cells were then cultured in HEPES 

buffered RPMI1640 medium (Cat. #22400089, ThermoFisher Scientific) supplemented with 
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2%(v/v) B27 (Cat. #17504044, ThermoFisher Scientific) until printing. To prepare for mixing 

into the prepolymer solution, the cells were first incubated at 37°C with 0.5%(w/v) collagenase 

(Cat. #07427, STEMCELL Technologies) dissolved in DMEM/F-12 media (Cat. # 11320033, 

ThermoFisher Scientific) for 15 min to digest extracellular matrix. The cells were lifted by 

incubating with 0.25% trypsin-EDTA for 5-7 min, centrifuging at 200 g for 3 min, and 

resuspending in RPMI1640 medium with 20%(v/v) FBS (Cat. #16140071, ThermoFisher 

Scientific) and 5 µM ROCK inhibitor Y-27632 (Cat. #72304, STEMCELL Technologies). The 

cells were aliquoted in microcentrifuge tubes, spun down once more at 200 g for 3 min, and kept 

on ice until resuspension with lifted Normal Human Ventricular Cardiac Fibroblasts (HCFs) at a 

ratio of 10:1 in the prepolymer solution to a final concentration of 50 million cells/mL (45 

million hiPSC-CMs/mL:5 million HCFs/mL). 

 

3.3.7 Human Cardiac Fibroblast Culture 

HCFs (Cat. # CC-2904, Lonza) were cultured in flasks with FGM-3 media (Cat. # CC-4526, 

Lonza). Briefly, cells were cultured until 70% confluency, at which point they were subcultured 

at a 1:4 ratio. HCFs were brought to confluency before use for printing and used between 

passages 5 and 9. 

 

3.3.8 3D Printing of Micro-tissue Construct 

To build the construct, we used the in house µCOP printer. Briefly, the printer consists of 

the followings: (i) a 365 nm UV LED light source; (ii) a digital micromirror array device (DMD) 

composed of approximately 2 million micromirrors for light projection; (iii) projection optics 

that focus the optical patterns from the DMD chip onto the fabrication plane; (iv) a motorized x-
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y-z stage; and (v) a computer control unit. The pattern for each layer was designed in Adobe 

Photoshop and converted to PNG images compatible with the printer software. For each layer, 

polydimethylsiloxane (PDMS) spacers were used to control the Z-thickness and placed upon a 5 

mm methacrylated coverslip. A PDMS coated coverslip was used to top the set-up, and the 

relevant prepolymer solution heated to 37°C was pipetted between the spacers. The set-up was 

then placed on the motorized stage, and the prepolymer solution was then polymerized by 

projected light pattern. Between each layer, warmed 1x PBS was used to wash away the extra 

prepolymer solution. After printing the first two layers (the base and pillar layers), the cells were 

added to the GelMA prepolymer solution to print the lines scaffold encapsulating the cells. The 

supernatant of the cell pellet consisting of cardiomyocytes and human cardiac fibroblasts was 

diluted to 50 million cells/mL by gently mixing with the GelMA prepolymer solution. This 

mixture was directly added to the set-up in order to reduce the amount of time the cells spent in 

the prepolymer solution. The printing time for this cell printing step is only 17 seconds. See 

Figure 3.6 for a schematic and Table 3.2 for the printing parameters. 

 

3.3.9 Immunofluorescent Staining and Imaging  

Differentiated hiPSC-CM samples were stained with Human Cardiomyocyte 

Immunocytochemistry Kit (Cat. # A25973, ThermoFisher Scientific) to confirm NKX2.5 and 

TNNT2 presence. Briefly, samples were incubated with 4%(w/v) paraformaldehyde (PFA) 

(Cat.# A24344, ThermoFisher Scientific) solution. Next, samples were permeabilized for 15 min 

with 1% Saponin (Cat. # A24878, ThermoFisher Scientific) and then blocked with 3% bovine 

serum albumin (BSA) (Cat. # A24353, ThermoFisher Scientific) for 30 min. Samples were then 

incubated overnight at 4°C with primary antibodies, anti-NKX2.5 (Cat. # A25974, ThermoFisher 
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Scientific) and anti-TNNT2 (Cat. # A25969, ThermoFisher Scientific), diluted at 1:1000 in 3% 

BSA solution. The next day, samples were incubated for 1 hr at room temperature with Alexa 

Fluor® 555 donkey anti-rabbit (Cat. # A25971, ThermoFisher Scientific) and Alexa Fluor® 488 

donkey anti-mouse (Cat. # A25972, ThermoFisher Scientific), diluted at 1:250 in 3% BSA 

solution. Lastly, the cells were incubated with NucBlue® Fixed Cell Stain (DAPI) (Cat. # 

R37606, ThermoFisher Scientific) for 5 min before storing in 1x PBS at 4°C and imaged within 

1 month. 

Full cardiac micro-tissues were stained for actinin. Samples were fixed in 4%(w/v) PFA (Cat. 

# J61899-AP, Alfa Aesar) solutions for 15 min on day 7 following printing. Samples were then 

blocked and permeabilized with 2%(w/v) BSA solution (Cat. #X100-500ML, Sigma Aldrich) 

with 0.1%(v/v) Triton X-100 (Cat. #A8806-5G, Sigma Aldrich) for 1 hr at room temperature. 

Subsequently, samples were incubated overnight at 4°C with Anti-Sarcomeric Alpha Actinin 

antibody (Cat. #9465, Abcam) diluted at 1:100 in 2% BSA. Samples were then incubated with 

Phalloidin-iFluor 647 Reagent (Cat. #ab176759, Abcam). Lastly, the cells were incubated with 

NucBlue® Fixed Cell Stain (DAPI) for 15 min before storing in 1x PBS at 4°C and imaged 

within 1 month. 

 

3.3.10 RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

RNA extraction was performed using Direct-zolTM RNA MicroPrep Kit (Cat#. R2061, 

Zymo Research). Briefly, samples were incubated with TRI Reagent® and stored in a -80°C 

freezer. Later, samples were thawed to room temperature and processed with the MicroPrep Kit 

to collect the RNA from the samples. RNA was then converted to cDNA using the ProtoScript® 

First Strand cDNA Synthesis Kit (Cat#. E6300S, New England BioLabs), following the 
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manufacturer’s instruction on a QuantStudio 3 PCR System. cDNA was stored at -20°C until 

ready for real-time RT-PCR. For RT-PCR, the Luna® Universal qPCR Master Mix (Cat. # 

M3003S, New England BioLabs) was used according to the manufacturer’s instruction with the 

QuantStudio 3 PCR System. The forward and reverse primers, purchased from Integrated DNA 

Technologies and detailed in Table 3.3, were diluted in UltraPure™ DNase/RNase-Free Distilled 

Water (Cat. # 10977015, ThermoFisher Scientific). The relative quantification was calculated 

based on the threshold cycle (Ct) and normalized against the housekeeping gene, glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). 

 

3.3.11 Quantification of Sarcomere Length and Orientation 

The sarcomere length and orientation were measured based off the confocal images of tissue 

stained with alpha-actinin. The sarcomere length was measured by using the line tool and finding 

the average band length among approximately 100 sarcomeres. The orientation of the sarcomeres 

was analyzed using the directionality tool in ImageJ. 

 

3.3.12 Statistical Analysis 

All data are expressed as a mean ± standard deviation (SD). Statistical analyses were 

performed with GraphPad Prism version 9.0 Software by one-way ANOVA with Tukey’s post-

hoc comparison. Significant differences were considered when p<0.05.  
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3.4. Results and Discussion 

3.4.1 3D Printing of hiPSC-CM Scaffold 

In this study, we printed 3D micro-tissues comprised of hiPSC-CMs and HCFs for drug 

testing. Human iPSCs were differentiated over an 18-day period (Figure 3.4), during which time 

they deposited a lot of ECM. As seen in Figure 3.5, the differentiated cells formed tissues of 

varying concentrations across the well, in more “2D”-like areas and “3D”-like areas. Generally, 

the “3D”-like areas appeared to have a higher expression of TNNT2 and NKX2.5, possibly due 

to either a more mature phenotype or higher concentration of cells. However, the excess amount 

of ECM produced during differentiation led to difficulties in printing processing and final cell 

concentration, so we incubated the cells with collagenase for 15 min before lifting off the cells. 

Although this step removed some of the cells from the “2D”-like areas, it kept the cells from the 

“3D”-likes areas and aided immensely in processing (Figure 3.5).  

Using the µCOP system, we formed a scaffold from three steps on a 5 mm round 

coverslip (Figure 3.1A-B, Figure 3.6). In Step 1, a base layer comprised of HAGM and PEG700 

was printed to prevent extraneous cell growth from proliferating HCFs. After washing away the 

material with PBS, we proceeded to Step 2, where a pillar layer comprised of GelMA and 

encapsulated with fluorescent beads of 1 µm in diameter was printed. The pillars were designed 

to be two vastly different sizes; in this way, only the small pillar would deform significantly 

upon tissue contraction, which in turn makes calculating the force of contraction much easier. 

We also monitored the pillars over 7 days, finding that their dimensions unchanged (Figure 

3.1C). Lastly, for Step 3, a cell mixture of hiPSC-CMs and HCFs (10:1) was encapsulated in 

GelMA to a final concentration of 50 million cells/mL in a lines pattern. The lines were 30 µm 
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thick with 50 µm spacing. Figure 3.1D shows example acellular images of each step from both 

an aerial and side views for clarity.  

 

Figure 3.1 Fabrication of the cardiac micro-tissue. (A) Schematic of DLP-based bioprinter 
consisting of a (1) UV light source, (2) DMD, (3) focusing optics, (4) prepolymer solution, and 
(5) 3D sample stage for fully printed scaffold. (B) Merged fluorescent and brightfield image of 
fully printed example sample with encapsulated cells (scale bar = 500 µm). (C) Graphs 
displaying dimensions of both the small pillar (SP) and large pillar (LP) in the scaffold over 7 
days (N = 8). (D) Example images showing printing steps in 3D scaffold (scale bar = 1000 µm). 
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3.4.2 Examining the hiPSC-CM Micro-tissue at 7 days 

After printing the scaffolds, the tissues were cultured in media for 7 days, with media 

changes every 2 days. Over the 7 days, due to the adhesion and degradation moieties innate in 

gelatin, the HCF and hiPSC-CMs were able to reform and form a compact tissue (Figure 3.2A). 

After 3 days, most of the hiPSC-CMs regained their beating phenotype and began to beat as a 

full tissue by Day 7 as the number of intercellular connections increased (Supplementary Video 

3).  

 The beating tissue caused contraction of the small pillar, which we used to track 

displacement and beats per minute (BPM). To create a robust tracking method, we encapsulated 

fluorescent beads into the small pillar during printing. This allows us to see the displacement of 

the small pillar, even if overgrowth of cells on the pillar, or another visual issue, prevented 

reliable grayscale tracking in the brightfield channel. To track the pillar, we took a video in the 

fluorescent channel, and then chose a clear fluorescent bead to crop our image on. By using an 

in-house designed MATLAB script, the displacement of the bead was tracked over time, 

producing a time vs displacement graph (Figure 3.2B). From this graph, important parameters 

such as average BPM and average displacement can be calculated. This analysis is further 

explored in Chapter 4. 

We also found that by 7 days the micro-tissue displayed a high level of organization. 

After staining for sarcomere alignment, the mean degree value was 89.6° with a standard 

deviation of 21.8°. Compared to a similar method using seeded cells, our encapsulated cells 

within lines showed a higher level of alignment of the hiPSC-CMs [94]. These better replicate a 

mature phenotype, and can improve the contraction force, as the hiPSC-CMs are contracting in 

the same direction. However, the average sarcomere length was 1.86 µm with a standard 
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deviation of 0.29 µm. This is similar to results found by other groups using hiPSC-CMs, but less 

than the adult sarcomere length of 2.2 µm that some models exhibit [5,10,94,104]. 

 

Figure 3.2 Formation of the cardiac micro-tissue. (A) Images showing cardiac micro-tissue 
over 7 days (scale bar = 250 µm). (B) Fluorescent beads are used for tracking displacement of 
the small pillar and calculating BPM of the cardiac micro-tissue. (i) An example fluorescent 
image of the small pillar is cropped to focus on one bead. (ii) The corresponding relaxation and 
contraction points of the tissue in the cropped image. (iii) The resulting graph showing beating 
phenotype of the tissue. (C) (i) An example day 7 scaffold (scale bar = 250 µm) stained for (ii) 
DAPI and α-actinin to analyze sarcomere alignment (scale bar = 250 µm). (iii) A zoom image of 
the merged image displaying sarcomere alignment (scale bar = 5 µm. (D) A histogram showing 
the alignment of sarcomeres measured from confocal images of micro-tissues at day 7 (N = 5 
samples, mean = 89.6°, σ	= 21.8°). 
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3.4.3 Evaluating the Maturity of Micro-tissues via qPCR 

One important challenge of hiPSC-CMs based tissue model is its relatively immaturity as 

compared to the adult heart. This difference can impact the tissue’s relative response to a drug, 

making the results less translatable to human trials [10]. To examine the maturity of the cells in 

the 3D printed tissue, we evaluated the relative RNA expression of 8 different maturity markers. 

After 20 days of differentiation, the hiPSC-CMs were cultured for up to 46 total days. During 

this time, cells were taken at various points for either 2D culture RNA samples (after being 

mixed with a 1:10 ratio of HCF:hiPSC-CM) or encapsulated within the 3D micro-tissue, cultured 

for 7 days, and then taken for RNA samples. qPCR was then performed on the samples, 

evaluating the expression of various genes relative to GAPDH in each sample. The calcium 

handling of the 3D tissue was analyzed by the CACNA1C (subunit of voltage dependent calcium 

channel), RYR2 (ryanodine receptor), and SERCA2a (sarcoplasmic/endoplasmic reticulum 

calcium ATPase) expression levels. Both CACNA1C and RYR2 were significantly higher than 

the corresponding 2D cultured cells. Although not statistically significant, SERCA2a displayed 

an upward trend in expression level similar to other 3D heart tissues [104–107] (Figure 3.3Bi-iii, 

Figure 3.7i-iii). The increase in expression of CXN43 (gap junction protein) appears to indicate 

that cells were able to exchange ions more efficiently, better mimicking a mature heart tissue 

[108] (Figure 3.3Biv). However, when extending this comparison to pure population controls of 

HCF and hiPSC-CM, there is no significant difference between the mixed population cell control 

and the day 7 micro-tissue (Figure 3.7iv). This suggests that the increase in CXN43 cannot 

exclude contribution due to the increase of HCF cells over 7 days, as HCF will proliferate 

whereas the hiPSC-CM will not. A population analysis of the day 7 micro-tissues would be 

necessary to fully decipher these results. In addition to calcium handling, the expression of genes 
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related to sarcomeres was analyzed; MYH6 (α myosin heavy chain), MYH7 (β myosin heavy 

chain), MLC2C (myosin light chain), and TNNT (cardiac muscle troponin T) (Figure 3.3Bv-viii, 

Figure 3.7v-viii). These four genes contribute to the formation of sarcomeres, which are formed 

during human iPSC differentiation [6,109]. As the cells gain a more mature phenotype, the 

myofibrils are expanded with additional sarcomeres, and thus these four genes are more heavily 

expressed.  

 

Figure 3.3 3D printed cells in micro-tissue mature more than 2D cultured cells. (A) 
Schematic outlining cell cultivation before RNA extraction. (B) Plots showing gene expression 
fold change of hiPSC-CM cultured under two different approaches for CACNA1C, RYR2, 
CXN43, MLC2C, MYH6, MYH7, and TNNT. Mean ± SD, N = 6-24, ** p ≤ 0.005, *** p ≤ 
0.0005, **** p ≤ 0.0001, unpaired t-test. 
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3.5. Conclusion 

This study demonstrated the ability of the µCOP system to fabricate a novel 3D hiPSC-

CM based cardiac micro-tissue with physical alignment cues. The rapid printing speed made it 

possible to create many micro-tissues in a multiwell plate in a short time for high throughput 

screening applications. The microscale printing resolution allowed us to print encapsulated 

hiPSC-CMs in 30 µm GelMA lines, leading to a high level of alignment after 7 days of culture 

through both alignment cues and stress cues from the two printed pillars. As a result, the cells 

exhibited a high level of maturity compared to their 2D plated cell control, displaying a 

significant increase in mRNA expression in at least 6 of the 8 maturity markers. As cell 

remodeling and proliferation from the fibroblasts was variable, we also successfully incorporated 

encapsulated fluorescent beads into the pillars. These beads allowed for robust tracking of small 

pillar movements for both data tracking and analysis, regardless of the tissue growth. Moreover, 

the entire model was printed onto a 5 mm coverslip, which can be easily fit into a 96-well plate 

for high throughput drug testing.  

Notably, our results suggest we can still further improve hiPSC-CM maturity based on 

the findings that the expression levels of two of the tested maturity markers, SERCA2a and 

CXN43, were insignificant and inconclusive, respectively. As well, when comparing our drug 

responsivity metrics to literature, we found that Ronaldson-Bouchard et al. group produced a 

cardiac tissue with higher sensitivity to ISO [10]. This suggests that electrical training of our 

cardiac constructs, similar to this group, would be beneficial for improving maturity, and 

therefore drug sensitivity, and warrants the exploration of the study. 

Since 3D micro-tissues are an important step to predict the drug efficacy and to confirm 

the safety before human trials, many researchers have designed and created 3D cardiac models. 
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Our rapid 3D bioprinting technology provides the fast and accurate alignment of cardiac cells 

and other cells simultaneously while maintaining viability. The physical alignment cues from 

ECM have been shown to improve functionality of cardiac tissues and are thus advantageous 

over similar pillar models relying on only stress cues [22]. Moreover, the rapid turnaround from 

design to printed structure is also a desirable feature when expanding to specialized disease 

models, enabling quick and specific optimization. Additionally, the use of hiPSC-CMs opens the 

possibility for patient-specific disease testing. By taking cells from a patient and reprogramming 

them, a patient-derived cardiac tissue could help research more accurately target viable drugs 

before introduction into a human. Furthermore, the modular design innate to printing on a 

coverslip enables our model to be expanded into use in multi-organ-on-a-chip systems. We 

believe this cardiac micro-tissue can help both to inform about drug safety, efficacy, and 

personalized medicine. 
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3.7 Supplementary Material 

 
 

Figure 3.4 Human iPSC differentiation into cardiomyocytes. (A) Schematic showing timeline 
for hiPSC-CM differentiation. (B) Example image of human iPSCs from Day 0 to Day 20 of 
differentiation (scale bar = 500 µm). 
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Figure 3.5 Staining of hiPSC-CMs with differentiation markers TNNT and NKX2.5. (A) 
Example image of hiPSC-CM culture in 12-well plate. (B) Example image of hiPSC-CM after 
15 min collagenase treatment (scale bar = 250 µm). 
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Figure 3.6 Schematic of scaffold printing. A) A methacrylate coverslip (diameter = 5mm) was 
secured by a PDMS holder. (B) PDMS spacers and top cover added to set-up to create a 
chamber. (C) A prepolymer solution added to the chamber. (D) The pre-polymer solution is 
irradiated with UV-light according to mask inputs and then (E) washed away with PBS. Steps B 
through E repeated for all 3 materials steps and a final scaffold (F) is placed in a 96-well plate 
(scale bar = 2 mm). 
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Figure 3.7 3D printed cells in micro-tissue mature more than 2D cultured cells. (A) Plots 
showing gene expression fold change for CACNA1C, RYR2, SERCA2a, CXN43, MLC2C, 
MYH6, MYH7, and TNNT. Conditions evaluated were a pure population of 2D cultured HCF 
cells, a pure population of hiPSC-CMs, a mixed population of HCF:hiPSC-CMs (1:10), and the 
3D printed scaffold. Error bars represent standard deviation (N = 6-24, Mean ± SD, ** p ≤ 
0.005, *** p ≤ 0.0005, **** p ≤ 0.0001, one-way ANOVA). 
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Table 3.1. Prepolymer solutions 
 

Printing 

Layer 
HAGM GelMA LAP PEG700 

AF555 

Beads 
Cells 

Base Layer 2% -- 1% 2% -- -- 

Pillar Layer -- 15% 0.2% -- 1% -- 

Cell + Lines 

Layer 
-- 7.5% 0.6% -- -- 

50 

million/mL 

 
 
Table 3.2. Printing parameters for construct 
 

Printing 

Layer 

Prepolymer 

Solution 

Power at 

365 nm 

(mW/cm2) 

Exposure 

Time (sec) 

Spacer 

Height (𝛍m) 

Base Layer 
2% HAGM/2% 

PEG700/1% LAP 
20.3 10 125 

Pillar Layer 
15% GelMA/1% 

LAP/1% Beads 
20.3 6 500 

Cell + Lines 

Layer 

7.5% GelMA/0.6% 

LAP/Cells 
20.3 17.5 500 
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Table 3.3. Forward and Reverse Primers 
Primer Sequence 

hs TNNT-F 5’-GGAGGAGTCCAAACCAAAGCC-3’ 

hs TNNT-R 5’-TCAAAGTCCACTCTCTCTCCATC-3’ 

hs MYH7-F 5’-GGCAAGACAGTGACCGTGAAG-3’ 

hs MYH7-R 5’-CGTAGCGATCCTTGAGGTTGTA-3’ 

hs MYH6-F 5’-TCTCCGACAACGCCTATCAGTAC-3’ 

hs MYH6-R 5’-GTCACCTATGGCTGCAATGCT-3’ 

hs MLC2C-F 5’-CCTTGGGCGAGTGAACGT-3’ 

hs MLC2C-R 5’-GGGTCCGCTCCCTTAAGTTT-3’ 

hs CNX43-F 5’-CAATCTCTCATGTGCGCTTCT-3’ 

hs CNX43-R 5’-GGCAACCTTGAGTTCTTCCTCT-3’ 

hs RYR2-F 5’-CATCGAACACTCCTCTACGGA-3’ 

hs RYR2-R 5’-GGACACGCTAACTAAGATGAGGT-3’ 

hs CACNA1C-F 5’-AAGGCTACCTGGATTGGATCAC-3’ 

hs CACNA1C-R 5’-GCCACGTTTTCGGTGTTGAC-3’ 

hs GAPDH F 5’-ACAACTTTGGTATCGTGGAAGG-3’ 

hs GAPDH R 5’-GCCATCACGCCACAGTTTC-3’ 

hs SERCA2a F 5-TAC TCC AGT ATT GGC ATG CCG AGA-3 

hs SERCA2a R 5- CGA AAA CCA GTC CTT GCT GAG GAT-3 

 

Supplementary Videos 3 is available in separate video file. 
Supplementary Video 3. Demonstration of cardiac micro-tissue synchronously beating. Scale 
bar = 500 µm 
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CHAPTER 4: EVALUTION OF 3D BIOPRINTED HUMAN IPSC-DERIVED CARDIAC 

MICRO-TISSUES FOR DRUG AND NANOPARTICLE TOXICITY TESTING  

 

4.1 Introduction 

The cardiac micro-tissue model is only as useful as its capacity as a tool for analysis. As 

stated in Chapter 1, many types of cardiac models have been developed, but not all have a 

convenient “engineered” format to easily gather quantitative results. For example, the 

microfluidic models designed by Mathur et al. and Veldhuizen et al. had no distinct tracking 

point, making paired measurements impossible for multiple timepoints, and no distinct force 

readout [18,19]. In this respect the pillar model is advantageous as one or both pillars can be 

tracking consistently. Moreover, the design of our model transfers the entirety of force deflection 

onto one pillar, so that displacement of the pillar correlates directly with force. Another issue 

with pillar tracking is image analysis, as rapid growth of proliferating cell types in the micro-

tissue, such as fibroblasts, can quickly obscure the pillar. Moreover, tracking within brightfield 

images is very “noisy”, and it is difficult to robustly track objects with previous in-house image 

analysis designs. Inspired by Hinson et al., we incorporated florescent beads into our pillars for 

robust tracking [20]. Microbeads give distinct tracking areas that are much easier to process for 

image analysis, as described below in section 4.3.2. 

One of the most important research areas for the cardiac micro-tissue model is for drug 

discovery and toxicity. 45% of total post-approval drug withdrawal from the market results from 

safety liability related to the cardiovascular system. However, only 9% of drug attrition during 

phase I trials is due to cardiotoxicity, emphasizing the need for more accurate cardiac models 
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during preclinical and early clinical stages [110]. Moreover, cardiovascular diseases (CVD) 

impacts nearly 50% of the US population, motivating research for CVD specific drugs [1].  

Drug research is lengthy and expensive, yet many pharmaceutical companies still use 2D 

culture and animal models, which do not translate well to human trials. 2D models do not have 

the complex extracellular matrix (ECM)-cell, cell-cell, and cell-tissue interactions that influence 

calcium handling and gene expression within cardiac tissues, leading to different responses to 

drugs than what occur clinically [2,7,92]. Moreover, animal models, although they have a 

complex organ response, have significant interspecies differences to humans. Specifically, 

differences in resting heart rates, ion handling, and pharmacokinetic properties prevent animals 

from being a good predictive models [18,92]. 

Another burgeoning area of interest is the toxicity of environmental particles and their 

impact on the heart. Air pollution particulates are categorized into groups based off their 

aerodynamic diameters, the smallest of which are ultrafine particles (UFP), which make up about 

70% of all pollution particulate. UFP are less than 100 nm in diameter, and commonly termed 

nanoparticles within literature studies [111]. Many studies have now been able link air pollution 

with cardiovascular disease, although the multiple mechanisms causing these effects are still 

being investigated [112]. In one mechanism, inhaled particles deposit at the alveoli, where they 

can cross into blood circulation and accumulate in secondary organs, such as the heart. The UFPs 

can then cause oxidative stress, decreased cardiac output, and inhibit both the calcium signaling 

and cardiac muscle contraction pathway [111,113]. However, the majority of these nanoparticle 

toxicity studies have been done in animal models and 2D cultures, which are poor 

representations of the human heart.  
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Still, there have been a couple of published studies on 3D cardiac models in the last few 

years. In 2018, Ahn et al. investigated the effect of TiO2 nanoparticles using a thin-film cardiac 

model. The researchers observed both a decrease in contractile force as well as impaired calcium 

transient propagation. However, the models used neonatal ventricular rat cardiomyocytes 

(NVRCM) instead of human cardiac cells, diminishing the applicability of the results [14]. More 

recently, in 2021, Lu et al. investigated the impact of SiO2 and CuO nanoparticles on a perfused 

cardiac micro-tissue in a pillar design. Using a co-culture system, the authors found that each 

nanoparticle impacted the cardiac function via a different mechanism. SiO2 induced pro-

inflammatory cytokine release from the co-culture endothelial cells, whereas CuO induced 

significant reactive oxygen species (ROS) generation, impacting cardiac function [114]. In fact, 

CuO nanoparticles have been found to be the most toxic metal nanoparticle out of CuO, TiO2, 

ZnO, CuZnFe2O4, Fe3O4, and Fe2O3 against a lung epithelial cell line, inducing a high level of 

DNA damage, cell death, and intracellular ROS [115]. This is concerning for workers and 

commuters, as copper containing particles are emitted from smelters, iron foundries, and subway 

stations [111,115].  

As both drug screening and toxicity evaluation were shown to need better cardiac models, 

we aimed to validate our micro-tissue as a tool in both fields. We first validated the cardiac 

micro-tissue against two representative drugs, isoproterenol, and verapamil at various doses, 

showing corresponding and measurable changes in beating frequency and displacement. We then 

investigated the cardiac microtissue as model for CuO toxicity, finding that this miniaturized 

tissue chip is a promising tool for both drug discovery and toxicity screening. 
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4.2 Materials and Methods 

4.2.1 Cardiac Micro-Tissue Construction 

 Cardiac micro-tissues were constructed as previously described in Chapter 3. Briefly, 

hiPSC-CM and HCF were mixed at a 1:10 ratio into a GelMA prepolymer solution and printed 

into 30 µm lines. Cardiac micro-tissues were cultured for 7-9 days before evaluating with either 

nanoparticles or drugs. 

 

4.2.2 CellScale Microsquisher  

Printed pillars were evaluated for their respective bending modulus at day 0 and day 7 in 

acellular constructs. Using a CellScale MicroSquisher, pillars were deflected 50 µm with a 

cantilever at 75% of their length (the length at which tissues would pull on average). Samples 

were deflected at a rate of 1.66 µm/s, held for 2 s, followed by release at a rate of 5 µm/s. These 

steps were repeated three times to remove the effects of hysteresis and data from the third 

deflection was (N = 6-7). The bending modulus was then calculated using the Euler-Bernoulli 

beam theory equation for a fixed cantilever (Equations 4.1, 4.2) (Figure 4.5). 

 

𝐹 =
3𝜔𝐸𝐼

(3𝐿𝑥" − 𝑥)) 

Equation 4.1 Euler-Bernoulli beam theory for a fixed cantilever. Where 𝐹 is the force 
exerted on the pillar, 𝐸 is the bending modulus of the pillar, 𝐼 is the moment of intertia, 𝐿 is the 
total length of the pillar, 𝑥 is the length at which the force is applied, and 𝜔 is the deflection of 
the pillar. (Figure 4.5Bi) 
 

𝐼 =
𝑤ℎ)

12  
 
Equation 4.2 Moment of inertia, I, for pillar. Where 𝑤 is the width and ℎ is the height of the 
pillar, respectively (Figure 4.5Bii) 
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4.2.3 Drug Incubation 

Two drugs were used to evaluate the hiPSC-CM construct: isoproterenol (ISO) (Cat. 

#420355-100MG, Millipore Sigma) and verapamil (VERA) (Cat. #PHR1131-1G, Sigma 

Aldrich). Stock solutions for each drug were prepared with Dimethyl sulfoxide (DMSO) (Cat. # 

D12345, ThermoFisher Scientific) or UltraPure™ DNase/RNase-Free Distilled Water (Cat. # 

10977015, ThermoFisher Scientific) and stored in -20°C. On the day of testing, samples were 

thawed to room temperature and diluted in Tyrode’s solution to the various drug doses (see 

Table 4.1 for further details). To test the various drugs, constructs were incubated in Tyrode’s 

solution at 37°C for 15 min. Samples were then paced at 0 Hz, 0.5 Hz, 0.8 Hz, 1 Hz, 1.5 Hz, and 

2 Hz and each frequency was recorded for 250 frames on a fluorescent microscope. For each 

subsequent drug dose, 10% of the Tyrode’s volume was removed, replaced with the appropriate 

drug dose, and left to equilibrate for 15 min before recording the various pacing frequencies.  

 

4.2.4 Nanoparticle Dosing 

BSA-coated CuO nanoparticles were synthesized, characterized, and provided graciously 

by the Grassian Lab. On the day of dosing, BSA-CuO were prepared at a concentration of 2.56 

mg/mL in RPMI+B27 media and sonicated for 30 minutes prior to addition to micro-tissues as 

various doses. 

 

4.2.5 CCK-8 Assay 

 The CCK-8 assay (Cat. # K1018, Apex Bio) was conducted according to the 

manufacturer’s instructions. Briefly, the CCK-8 reagent was mixed with RPMI + B27 at a 1:10 

ratio and incubated with the scaffolds at 37°C for two hours before nanoparticle addition. The 
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resulting supernatant was transferred to a 96-well plate where the absorbance at 450 nm was read 

on a spectrophotometer using a reference wavelength of 650 nm. After 48 hours of nanoparticle 

incubation, the scaffolds were washed three times with 1x PBS to remove most of the residual 

nanoparticles and then incubated with the CCK-8 assay again for two hours. The 48 h values 

were compared to the baseline (0 h) values to find the change in each scaffold, and then adjusted 

to the respective control wells for the experiment to find the relative change. Any viability results 

that were negative, an indication all cells were dead, were adjusted to 0. 

 
4.2.6 Displacement Measurement  

The displacement of the small pillar was measured under a Leica DMI 6000B fluorescent 

microscope using a 10X objective lens focused as the top of the pillar. A customized MATLAB 

script was developed in-house to track the average weighted mean of bead fluorescence, from 

which displacement and BPM were calculated.  

 

4.2.7 Statistical Analysis 

All data are expressed as a mean ± standard deviation (SD). Statistical analyses were 

performed with GraphPad Prism version 9.0 Software. 

 

4.3 Results and Discussion 

4.3.1 Experimental plan for evaluating cardiac micro-tissues 

 To evaluate the micro-tissues, we developed two different experimental plans for drug 

testing and nanoparticle toxicity testing, respectively. For drug testing, the scaffolds were 

evaluated within a time frame of a few hours. First, the scaffold was transferred to a petri dish in 

Tyrode’s buffer, where it could be electrically paced. Increasing doses of a single drug were then 
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added to the media at 10% of the total volume (Table 4.1) to create paired sample data. The 

scaffold then sat in the dosed media for 15 minutes before being video recorded for analysis. 

After recording the highest drug dose, the scaffolds could be taken for post-processing (Figure 

4.1A).  

The nanoparticle experiment was a multi-day evaluation, a time frame used by other 

groups [14,114–116]. Samples were initially measured via videos and CCK-8 before 

nanoparticle addition to find baseline values. Afterwards, the scaffolds were recorded on video at 

the 24h and 48h timepoints before post-processing. The samples had to be washed with 1x PBS 

before post-processing due to the high concentration and sedimentation of the CuO nanoparticles 

(Figure 4.1B, C). 
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Figure 4.1 Overview of cardiac micro-tissue testing. (A) Schematic of drug dosing for cardiac 
microtissues. (B) Schematic of nanoparticle dosing of cardiac micro-tissues. (C) Example images 
of cardiac micro-tissues at increasing high doses of BSA-coated CuO after 48 hours (scale bar = 
500 µm). 
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4.3.2 Image analysis of cardiac micro-tissue 

To measure the movement of the small pillar, we needed to develop a robust tracking 

method. The small pillar was designed to be a rectangular prism and follow the Euler-Bernoulli 

equation for a fixed pillar, so that there was a linear relationship between exerted force and 

deflection (Figure 4.5). Fluorescent microbeads were encapsulated into the pillar to enable robust 

tracking. For each scaffold, a 10X magnification video of the small pillar in the fluorescent 

channel was taken (Figure 4.2Ai, ii). During post-processing, a single microbead was identified 

and cropped, so that its movement during the diastolic and systolic phases could be tracked 

(Figure 4.2Aiii) and converted into a time vs displacement graph (Figure 4.2Aiv). To begin the 

analysis, we first investigated the best way to track the bead movement within the cropped 

image. In a prior in-house study, our lab used centroid analysis [22], where neighboring pixels 

above a user-set intensity threshold are clumped together and considered one body, or centroid. 

The largest centroid in the cropped image is assumed to be the bead, so that by finding the center 

of the centroid in each frame, the bead can be tracked. However, this analysis is “binary”, where 

the image is converted to 0’s and 1’s based off the user-set intensity threshold. This means that 

for frames where there was background signal above the user-set threshold, the center of the 

centroid was skewed. This is observed in Figures Bi and Bii, which showcase different 

conditions. As background signal could make centroid analysis inaccurate, it motivated us to find 

an alternative, more robust analysis. We investigated the “weighted mean” analysis, where each 

pixel contributed to the calculated center of the bead according to its pixel value. In this analysis, 

background noise had less of an impact, as seen in Figures Bi and Bii.  

With the robust tracking method in place, we could create more accurate time vs 

displacement graphs. Using the findpeaks function in MATLAB, we were able to calculate the 
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peak height (adjusting for change in baseline) and peak width at half height, which are relevant 

for characterizing pillar movement. However, the rest of the functions had to be written in-house. 

One issue is that due to our low camera speed, the number of captured data points was quite low, 

making further analysis difficult (Figure 4.2C). To address this, data points were interpolated 

between each of the captured data points to make the following analysis possible. This data set 

was then differentiated, and every point at which the graph then crossed the x-axis was found 

(Figure 4.2Di). These points represented the peaks of the time vs displacement graph, the start of 

the systole phase, the beginning of the diastole phase, and some baseline noise. To distinguish 

these points, we first used the findpeaks function on our displacement vs time graph function in 

MATLAB to identify the location of all the peak locations. The start of each systole phase then 

corresponded to the first point on the differentiated displacement vs time graph at which the data 

crossed the x-axis after each found peak location, and the start of the diastole was the last point 

at which the data crossed the x-axis before this location. Using this data, we could then calculate 

the relaxation and contraction times to reach max displacement (aka the peak) (Figure 4.2Dii, iii) 

by using the data set of interpolated points. To mitigate effects from baseline noise, the 

relaxation and contraction times to both 80% and 90% of the total peak height were found. This 

analysis proved to be robust and yielded a low level of background noise. 
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Figure 4.2 MATLAB image analysis. (Ai) Example image of 5X BF video during testing (scale 
bar = 500 µm). (Aii) Corresponding 10X fluorescent video of microbeads (scale bar = 250 µm). 
(Aiii) Cropped images of one fluorescent microbead from 10X video during diastole and systole 
(scale bar = 20 µm). (Aiv) Resulting time vs displacement graph from MATLAB analysis. (Bi, 
ii) Example images of pixel values where the red dot represents centroid analysis, and the green 
dot represents weighted mean analysis. (C) Displacement vs time graph of data points and 
interpolated results. (Di) Graph of differentiated displacement vs time. Black dashes denote all 
points at which data crosses x-axis. Green data points denote start of systole. (Dii) Graph of 
displacement vs time. Red data points represent found peak height. Blue dots represent found 
end of peak. Green dots present 90% of found relaxation. (Diii) Graph of displacement vs time. 
Red data points represent found peak height. Blue dots represent found end of peak. Green dots 
present 90% of found contraction. 
 
4.3.3 Drug Response of cardiac micro-tissue 

The most important aspect of the micro-tissues is their ability to respond to drugs in 

measurable parameters. The more mature the micro-tissue, the more mature their calcium 

handling, which in turn impacts the contractility force and drug response of the hiPSC-CMs. To 
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evaluate the functionality of the micro-tissues, we incubated the samples with progressively 

higher doses of two common cardiac related drugs, isoproterenol (ISO) and verapamil (VERA). 

ISO is non-selective beta-adrenergic agonist. As the beta-adrenergic receptor system relies on 

effective calcium handling, it is a common drug used to test for maturity [10]. Within literature, 

cardiac cells are often dosed within the range of 0.01 nM to 1 mM, with 100 nM the most 

common dose. The efficacy of isoproterenol is then commonly measured via calcium transients 

[10,106], as the response is most significant in this analysis, but it can also be measured via 

twitch force (analogous in our set-up to displacement), BPM, width at half peak height (W50), 

and relaxation time [94,101] (Figure 4.6A). Being able to see a response in these parameters is 

valuable as it eradicates a Ca2+ staining step and simplifies analysis.  

To evaluate our micro-tissues, we dosed our samples with ISO at 0.1 nM, 1 nM, 10 nM 

and 100 nM. In addition, we also recorded the micro-tissue response to being paced at 0.5 Hz, 

0.8 Hz, 1.0 Hz, 1.5 Hz, and 2 Hz at each dose. Similarly to other reports of hiPSC-CM based 

tissues, we observed an increase in displacement for unpaced tissues at 100 nM (N = 4), as well 

as an increase in BPM starting at 0.1 nM (N = 4) (Figure 4.3A, B) [10,95,101]. Notably, samples 

were also able to robustly catch higher frequencies (2 Hz) during electrical pacing after 1 nM 

(Figure 4.6Bii). Moreover, the W50 and relaxation time (at 80% peak height and 90% peak 

height, denoted RT80 and RT90, respectively) showed significant changes at even lower doses. A 

significant decrease in W50 was observed at both 100 nM and 10 nM ISO (N=4), similar to 

results seen by Takeda et al. [117]. In addition, both RT80 and RT90 were calculated in order to 

compare to other results in literature, as calculated relaxation peak height varies among groups. 

We found a significant decrease in both RT90 and RT80 at 1 nM, 10 nM, and 100 nM (N=4) 

(Figure 4.3D, Figure 4.6Bvi). This is comparable to results found by other groups. However, the 
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paced-trained cardiac tissues produced by Ronaldson-Bouchard et al. found a decrease in RT90 as 

low as 0.01 nM ISO, suggesting that further sensitivity in our micro-tissues can be achieved 

[10,104].  

The micro-tissues were also evaluated by dosing with 1 nM, 10 nM, and 100 nM VERA 

in a 1.2 mM Ca2+ Tyrode’s solution at 0 Hz, 0.5 Hz, 0.8 Hz, 1.0 Hz, 1.5 Hz, and 2 Hz. VERA 

acts in a two-fold fashion, binding to (and thereby interfering with) two different channels, the L-

type calcium channels and hERG channels, which have opposing actions on the action potential 

duration [16,118]. We observed no change in BPM for the unpaced tissues, which is consistent 

with other studies for similar 3D heart tissues [18,101]. However, there was a downward trend in 

the ability for the micro-tissues to catch higher frequencies in higher doses (Figure 4.6Cii). Over 

the same dose range for unpaced micro-tissues, we also observed a trend in declining 

displacement values (N=4) (Figure 4.3D), which is consistent with previous results [104,107]. 

This was significant at 100 nM VERA, and the trend was also consistent at all paced frequencies 

(Figure 4.6Cii). The W50, RT80, and RT90 were all insignificant across the doses and paced 

frequencies, which is similar to other results found in literature [104]. 
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Figure 4.3 Human cardiac micro-tissue drug response.  Isoproterenol: Bar chart showing thin 
pillar displacement (A), BPM (B), width at half-height (C), and time at 90% peak relaxation (D) 
of unpaced cardiac micro-tissues over different doses (N = 3-4). Verapamil: Bar chart showing 
thin pillar displacement (E), BPM (F), width at half-height (G), and time at 90% peak relaxation 
(H) of unpaced cardiac micro-tissues over different doses (N = 4). Mean ± SD, * p ≤ 0.05, 
paired t-test. 
 

4.3.4 Nanoparticle Toxicity of cardiac micro-tissue 

 We also tested the micro-tissue response to different doses of CuO nanoparticles. CuO 

nanoparticles were coated with BSA (bovine serum albumin) to keep the particles from 

clumping. Although previous groups have explored non-coated CuO nanoparticles [114], we 

hypothesized that a BSA coating would be more physiologically relevant as proteins from blood 

serum would adsorb to the surface of the nanoparticle in vivo [111,113]. Using a CCK-8 assay, 
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we analyzed the resulting change in cell viability after 48 hours of incubation with various doses 

of CuO nanoparticles and normalized it to the untreated sample (Figure 4.4A). We observed a 

clear downward trend in viability as the magnitude of CuO increased, with significantly lower 

viability for 1 µg/mL (p = 0.0033, N = 10), 10 µg/mL (p < 0.0001, N = 10), and 100 µg/mL (p < 

0.0001, N = 5). The resulting means and standard deviations of the viabilities were 100.0% ± 

26.1%, 77.2% ± 29.7%, 61.8% ± 14.8%, 40.1% ± 25.7%, and 0.0% ± 0.0% for 0 µg/mL, 0.1 

µg/mL, 1 µg/mL, 10 µg/mL, and 100 µg/mL, respectively. Using these values, we created a 

concentration (µg/mL) vs cell viability graph, interpolating data points between dosages. As a 

result, we found that on average, half of the cells would be dead (EC50) at a concentration of 7.17 

µg/mL (Figure 4.4B). However, it is difficult to compare this value to literature due to the lack of 

similar models. EC50 values ranging from 0.5 ug/mL to 140 ug/mL for mammalian cells have 

been reported, most of which are 2D and none of which are hiPSC-CMs  [114,115,119].  

We also analyzed the relative displacement and beating frequency of the small pillar 

before nanoparticle addition (0h), at 24h, and at 48h. At 48h, the relative displacement exhibited 

a downward trend starting at 10 µg/mL in comparison to the control (p = 0.048), whereas beating 

frequency exhibited no distinct trend between dosages, highlighting the importance of the pillar 

design as a metric. Lu et al. also observed a decrease in cardiac tissue force for their 3D heart 

model at high doses of CuO [114]. Due to complete cell death at 100 µg/mL, both relative 

displacement and beating frequency were 0 for all samples at this dose. Similar to the beating 

frequency, there were no distinct trends for RT80, RT90, W50, or contraction time to 80% of peak 

height (CT80) and contraction time to 90% of peak height (CT90) (Figure 4.7).  
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Figure 4.4 Cardiac micro-tissue response to CuO nanoparticles. (A) Micro-tissue CCK8 
results after 48 hours of incubation. Mean ± SD, ** p ≤ 0.05, **** p ≤ 0.0001, one-way 
ANOVA. (B) Micro-tissue CCK8 results after 48 hours of incubation with interpolated data 
points and EC50. Mean ± SD. Bar chart showing thin pillar displacement (C) and BPM (D) of 
unpaced cardiac micro-tissues over 48h at different BSA-coated CuO doses (N = 5-8). Mean ± 
SD, * p ≤ 0.05, ** p ≤ 0.005, *** p ≤ 0.001, two-way ANOVA. 
 
 
4.4 Conclusion 

This study showcased the ability to track our micro-tissue to analyze both drug response 

and nanoparticle toxicity. Our encapsulated fluorescent beads allowed for robust tracking and 

analysis using our in-house developed MATLAB script, regardless of fibroblast overgrowth. 

Since we recognized that both rapid, parallel image acquisition and analysis are also needed for a 

truly rapid drug testing model [24], it is worth noting that our technology of fabrication of micro-

tissue is validated by the experiments using two drugs, ISO and VERA. Moreover, we were able 
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to contribute to the burgeoning research concerning nanoparticle toxicity from air pollution, 

showcasing that our model can measure a decrease in tissue force at high CuO concentrations. 

There are some limitations with the model. It is likely that the maturity of the cardiac 

model could be improved. For example, as the electrically-trained cardiac tissues created by 

Ronaldson-Bouchard et al., which exhibited many maturity markers, responded with a notable 

decrease in RT90 to doses as low as 0.01 nM ISO, suggesting that further sensitivity in our micro-

tissues can be achieved [10,104]. Moreover, higher concentrations of both ISO and VERA 

should be tested so that we can calculate and compare EC50 and IC50 values, respectively, to 

those found in literature [18]. 

In terms of nanoparticle toxicity, it may also be beneficial to incorporate a secondary 

culture, such as an endothelial cell layer, into the model. As Lu et al. discovered, some 

nanoparticles, such as SiO2, trigger cytotoxicity by inducing endothelial cells to release 

inflammatory cytokines, impacting the cardiomyocytes. However, the researchers also found 

significant differences when using human umbilical vein endothelial cells (HUVECs) as opposed 

to human cardiac microvascular endothelial cells (HCMVEC) as their endothelial lining, 

highlighting the difficulty of adding a new parameter to an engineered cardiac model [114]. 

Another possible addition to the model would be to add a physiological flow of media and 

nanoparticles. As seen in Figure 4.4C, there is heavy sedimentation of the nanoparticles after 48 

hours, which is not physiologically relevant to nanoparticles traveling through the blood stream 

[111,113]. For example, Fede et al. found a 20% reduced toxicity of gold nanoparticles on 

HUVECs under flow conditions as opposed to static conditions [120]. Yazdimamaghani et al. 

also observed a similar trend when dosing macrophages with silica nanoparticles, supporting the 

need to incorporate flow into the model [121]. 
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In this study, we were able to develop a highly aligned, human iPSC-CM based cardiac 

micro-tissue. Significantly, the entire model was printed onto a 5 mm coverslip, which can be 

easily fit into a 96-well plate for high throughput drug testing. As well, the use of hiPSC-CMs 

invites the possibility for patient-specific disease testing. This is even more feasible given the 

rapid turnaround from design to printed structure using the µCOP set-up, enabling quick and 

specific optimization for specialized disease models. The innate modular design, due to printing 

on a coverslip enables, our model to be expanded into use in microfluidic systems for 

physiological flow experiments or multi-organ-on-a-chip systems. We believe this cardiac 

micro-tissue can help research in safety, efficacy, and personalized medicine. 
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4.6 Supplementary Material 

 
Figure 4.5. Bending modulus of the small pillar tested overtime with Microsquisher. (A) 
Images of the small pillar (i) at rest and (ii) bent to 50 µm (scale bar = 250 µm). (B) Schematic 
showing scaffold during testing with Microsquisher. Dimensions are defined for both the Euler-
Bernoulli equation (i) and moment of inertia (ii). (C) Graph showing movement of rod 
displacement during Microsquisher testing. (D) Resulting bending modulus of the small pillar 
over 7 days (N = 6-7, * p ≤ 0.05).   
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Figure 4.6 Human cardiac micro-tissue drug response, extended results. (A) Example 
displacement curve denoting how peak width at half-height, 90% relaxation time (RT90), and 
80% relaxation time (RT80) were calculated. Isoproterenol: Bar chart showing thin pillar 
displacement (Bi), BPM (Bii), width at half-height (Biii), time at 80% peak relaxation (Biv), and 
time at 90% relaxation time (Bv) of unpaced and paced cardiac micro-tissues over different 
doses (N = 3-4). (Bvi) Bar chart showing time at 80% peak relaxation of unpaced cardiac micro-
tissues over different doses (N = 3-4). Verapamil: Bar chart showing thin pillar displacement 
(Ci), BPM (Cii), width at half-height (Ciii), time at 80% peak relaxation (Civ), and time at 90% 
relaxation time (Cv) of unpaced and paced cardiac micro-tissues over different doses (N = 4). 
(Cvi) Bar chart showing time at 80% peak relaxation of unpaced cardiac micro-tissues over 
different doses (N = 4). Mean ± SD, * p ≤ 0.05. Paired t-test used for Bvi and Cvi, two-way 
ANOVA used for Bi – Bv and Ci-Cv. 
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Figure 4.7 Cardiac micro-tissue response to CuO nanoparticles, extended results. Bar chart 
showing time at 80% peak relaxation (Ai), 90% relaxation time (Aii), 80% peak contraction (Bi), 
90% peak contraction (Bii), and relative width at half height (C) of unpaced and cardiac micro-
tissues over different doses (N = 5-8). Mean ± SD, two-way ANOVA. 
 
Table 4.1. Drug Dosing Information 

Drug 
Stock 
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10 µM 
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CHAPTER 5: CONCLUSIONS 

5.1 Summary  

5.1.1 A sequential 3D BioPrinting and Orthogonal Bioconjugation Approach for Precision 

Tissue Engineering 

 In Chapter 2, we developed and evaluated a natural polymer-based solution for rapid 

photopolymerization. Utilizing thiol-ene click-chemistry, we were able to develop a homogenous 

GelNB-GelSH polymer with complex geometries whose mechanical properties could easily be 

modified by varying the molar ratios of norbornene and thiol groups. Moreover, we showcased 

the incredible biocompatibility of the natural hydrogel by encapsulating HUVECs, 10T1/2s, and 

hiPSC-CMs, revealing high viability and activity. We were also able to covalently bond proteins 

to the hydrogel in specific geometries and highlight the applicability of immobilizing growth 

factors for guided cell growth.  

However, there were some practical limitations in working with GelNB and GelSH. 

Namely, GelSH was able to spontaneously form hydrogels when exposed to ambient air, 

presumably as oxygen would abstract a hydrogen atom one of the thiol groups, initiating free 

radical polymerization [36,122]. As a result, the GelSH had a relatively short shelf life. 

Moreover, the GelSH required a temperature of 60°C to reverse thermal gelling before printing, 

as opposed to the 37°C required by GelNB and GelMA. This is concerning, as repeated heating 

of the GelSH could damage the proteins overtime, further reducing the shelf life of the GelSH. 

Future studies should focus on improving the workability of GelSH, such as incorporating a low 

substitution rate (to reduce melting temperature) or evaluating the biocompatibility of methods to 

reverse disulfide bonds formation [122]. Nevertheless, we believe this study to be useful for 

building transformative 3D bioprinted cell matrices that can predictably guide desired cell fate 
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by utilizing the expansive library of bioactive peptides, proteins, or growth factors available in 

literature for broad applications such as tissue repair, disease modeling, and stem cell 

engineering. 

 

5.1.2 Rapid 3D BioPrinting of a Human iPSC-Derived Cardiac Micro-Tissue 

 In Chapter 3, we demonstrated the ability of the µCOP system to fabricate a novel 3D 

hiPSC-CM based cardiac micro-tissue with physical alignment cues. The rapid printing speed 

made it possible to create many micro-tissues in a multiwell plate in a short span of time for high 

throughput screening applications. The microscale printing resolution allowed us to print 

encapsulated hiPSC-CMs in 30 µm GelMA lines, leading to a high level of alignment after 7 

days of culture through both alignment and stress cues from the two printed pillars. As a result, 

the cells exhibited a high level of maturity compared to their 2D plated cell control, displaying a 

significant increase in mRNA expression in at least 6 of the 8 maturity markers. However, this 

indicates that the maturity of the micro-tissue could still be improved, as the change in 

expression levels of SERCA2a and CXN43 were insignificant and inconclusive, respectively. 

Other papers indicate that electrical pacing [10] or cyclical stretching [94] of the micro-tissue 

could improve the maturity of the micro-tissues. Burgeoning research into biochemical cues such 

as hormones or corticosteroids could also be a promising technique [5].  

Another limitation of this study was the hiPSC-CM source. Although differentiation 

protocols have been published, and kits available, factors such as stem cell density, age, colony 

size, and more can greatly impact the efficiency of differentiation into cardiomyocytes. Even 

though it is possible to purify these populations to high percentage of cardiomyocytes, we 

observed a variety of initial beating strength and ECM generation, impacting the resulting print 
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and scaffold formation. Thus, these protocols, in-house or even widely available, need to be 

optimized. Regardless, this DLP-printing 3D microtissue is a promising tool for high throughput 

studies. 

 

5.1.3 Evaluation of 3D BioPrinted Human iPSC-Derived Cardiac Micro-Tissues for Drug 

and Nanoparticle Toxicity Testing  

This study showcased the ability to track our micro-tissue to analyze drug response and 

nanoparticle toxicity. Our encapsulated fluorescent beads allowed for robust tracking and 

analysis using our in-house developed MATLAB script, regardless of fibroblast overgrowth. We 

were first able to validate the micro-tissue using two common cardiac drugs, ISO and VERA. 

Moreover, we were able to contribute to the burgeoning research concerning nanoparticle 

toxicity from air pollution, showcasing that our model can measure a decrease in tissue force at 

high CuO concentrations. However, there were some limitations with the model. As previously 

stated, it is likely that the maturity of the cardiac model could be improved. When comparing the 

drug sensitivity of our micro-tissue, we found that the electrically-trained cardiac tissues created 

by Ronaldson-Bouchard et al. responded with a notable decrease in RT90 to doses as low as 0.01 

nM ISO, whereas our model was not sensitive enough to respond at this dose [10,104]. As well, 

the micro-tissue may be better suited for drug testing or disease modeling, as Lu et al. discovered 

that some nanoparticles, such as SiO2, trigger cytotoxicity by inducing endothelial cells to 

release inflammatory cytokines, suggesting the need for another cell culture to explore the 

inflammatory mechanisms of certain nanoparticles. Moreover, several studies have suggested the 

need for incorporating a physiological flow for nanoparticles to truly decipher the EC50 
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[120,121]. Nevertheless, the high throughput (96-well plate) and modular design of this micro 

tissue can help both to inform about drug safety, efficacy, and personalized medicine. 

 

5.2 Future Outlooks 

 3D cardiac tissues have many applications for research. With nearly 50% of the US 

population suffering from cardiovascular disease, $360 billion in annual health care costs, 45% 

of total post-approval drug withdrawal due to the cardiovascular diseases, and a rise in 

environmental pollutants, there is a huge motivation for better cardiac models for in vitro 

research. hiPSC-based cardiac models are promising due to the availability of the cell source, as 

well as the potential to create patient-specific disease models. Moreover, DLP-printing supports 

precise, direct printing with high resolution, enabling high-throughput evaluation of drugs or 

toxins. As the maturity of the hiPSCs are optimized and the methods to create these models are 

streamlined, the integration into preclinical and research settings will be greatly beneficial. We 

hope these studies can help contribute towards making this a reality. 
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